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PREFACE 


This  publication  is  a bibliography  with  abstracts  of  unclassified 
reports  on  vehicle  mobility  published  from  1945  through  1975  by  the 
U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES).  Most  of  the 
reports  were  prepared  by  personnel  of  or  under  contract  to  the  Mobility 
and  Environmental  Systems  Laboratory  (MESL)  of  the  WES:  some  of  the 
reports  were  prepared  by  personnel  of  the  Soils  and  Pavements  Laboratory. 
Indexes  are  included  by  subject,  personal  author,  corporate  author  of 
contract  reports,  region,  and  military  base.  One  part  contains  Document 
Control  Data  - R&D  or  Report  Documentation  Page  data  (DD  Form  1473)  that 
include  abstracts  and  other  pertinent  bibliographic  information  for  each 
report. 

The  reports  include  research  and  development  material  on  ground 
vehicle  mobility  and  traf ficaoility  of  terrain  as  related  generally  to 
military  materiel  and  operations.  The  reports  deal  with  vehicle  charac- 
teristics, vehicle-driver  interactions,  vehicle-terrain  interactions, 
characteristics  of  the  terrain  over  which  the  vehicle  moves,  and  charac- 
teristics of  weather  that  influence  terrain.  The  reports  relate  to 
vehicle  and  soil  test  equipment,  t< sts  of  prototype  vehicles  in  the 
field  and  their  component  parts  in  .he  laboratory,  and  tests  of  soil  and 
snow  properties  pertinent  to  traf f icability . 

The  reports  have  been  distributed  primarily  to  the  sponsor  and 
certain  other  agencies  having  an  interest  in  the  work  reported.  Most  of 
the  reports,  particularly  those  published  prior  to  1970,  are  out  of 
print.  Available  copies  will  be  furnished  wichout  charge  to  Federal 
Government  agencies  on  request  until  the  supplies  are  exhausted.  Reports 
with  AD  numbers  can  be  obtained  by  Department  of  Defense  agencies  from 
the  Defense  Documentation  Center;  other  agencies  and  individuals  can 
obtain  copies  from  the  National  Technical  Information  Service  (see 
following  paragraphs  for  additional  information) . Reports  prefaced  with 
the  footnote  "Statement  B.  See  Preface"  are  limited  in  distribution  or 
loan  to  U.  S.  Government  agencies  only  unless  permission  for  release  can 
be  obtained  in  special  cases  from  the  controlling  office. 
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Library  copies  of  the  reports  are  available  for  loan  from  the  WES 
Library  Branch  to  Department  of  Defense  agencies.  The  library  loan 
privilege  is  e:  ided  to  other  Federal  and  3tate  agencies,  and  except 

for  chose  reports  restricted  as  described  above,  to  scientific  and 
educational  institutions  and  established  engineering  or  industrial 
firms.  In  such  cases  the  loan  period  is  usually  limited  to  30  days. 
Private  individuals  not  connected  with  the  Department  of  Deiense  can 
usually  arrange  for  library  loan  either  through  the  main  offices  of 
their  business  concern  or  by  having  their  local  libraries  arrange  for 
interlibrary  loan.  Lending  to  persons  outside  the  United  States  is  not 
encouraged  because  of  the  extended  time  periods  involved  and  risk  of 
loss  of  publications  in  transit. 

All  matters  concerning  the  distribution  or  loar  of  WES  publications 
should  be  addressed  to  the  Director,  U.  S.  Army  Engineer  Waterways 
Experiment  Station,  ATTN:  WESTV,  Post  Office  Box  631,  Vicksburg,  Miss., 

39180.  Matters  concerning  the  technical  content  of  the  reports  should 
be  addressed  to  the  same  address,  ATTN:  WESFV. 

Except  for  a few  reports,  the  WES  no  longer  sells  its  publications. 
Reports  listed  in  this  volume  having  AD  numbers  can  be  purchased  in 
microfiche  or  hard  copy  from  the  National  Technical  Information  Service, 
U.  S.  Department  of  Commerce,  5285  Port  Royal  Road,  Springfield,  Va. 
22161. 

This  bibliography  was  compiled  by  Mr.  Marvin  P.  Meyer,  Director, 
Pavements  and  Soil  Traf ficability  Information  Analysis  Center,  Steno- 
graphic assistance  was  provided  by  Mrs.  Lottie  Merritt,  MESL.  Miss 
Virginia  Dale  and  Mrs.  Rosemary  Peck,  Technical  Information  Center 
(TIC) , assisted  in  organizing  the  Document  Control  and  Report  Document 
Page  data.  Mr.  Woodland  G.  Shockley,  Chief  of  the  MESL,  and  Mr.  A.  A. 
Rula,  Chief  of  the  Mobility  Systems  Division,  MESL,  were  responsible  for 
overall  supervision  of  the  work.  Mr.  Alan  G.  Skelton,  Chief  of  the  TIC, 
supervised  work  conducted  by  TIC  personnel.  The  U.  S.  Army  Material 
Development  and  Readiness  Command  provided  funds  for  the  report. 

COL  G.  H.  Hilt,  CE,  was  Director  of  the  WES,  and  Mr.  T.  R.  Brown 
was  Technical  Director  during  the  report  publication. 
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Supplement 
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AD 

832 
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Apr 

1971 

Supplement 

19 
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F.  S.  Rush  and  J.  H.  Robinson 


6 


Technical  Memoranda 


Nuaber 

Date 

Title 

AD  Nuaber 

3-240 

(Cont) 

Apr  1974 

Supplement  20  Development  of  Vehicle  Performance  Pre- 
diction Equations  and  Classification 
System  for  Coarse-Grained  Soils,  by 
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3-331 

Forecasting  Trafficability  of  Soils- 

Oct  1951 
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Report  2 Meteorological  and  Soil  Data,  Vicksburg, 
Mississippi,  1949-1951 

Oct  1954 

Report  3 The  Development  of  Methods  for  Predicting 
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Volume  1 Summary  Report 
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Related  Studies 
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Feb  1957 
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Report  S Development  and  Testing  of  Some  Average 
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AD  409  916 

Volume  II 
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Jun  1964 

Report  7 A Pilot  Study  of  Soils  Subjected  to  Freezing 
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AD  450  626 
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AD  838  S17 

Jul  1971 
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AD  728  814 

3-414 

Trafficability  of  Snow: 
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May  1960 
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Dec  1960 
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Paper  No.  4-230 
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1957 


AD  Number 
AD  693  81~ 
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AD  450  613 
AD  871  005 


AD  219  384 
AD  265  742 

AD  015  510 


AD  238  D-M 


Jul  1960 


Report  3 Tracked  Vehicles  (M29C,  D4,  and  D7)  on  Fat 
Cla> , 1956 


AD  241  537 


Jul  1964  Report  4 Distribution  of  Stresses  on  an  Unyielding 

Surface  Beneath  Stationary  and  Towed  Pneumatic 
Tires 


AD  450  620 


Jul  19oS  Report  5 Distribution  of  Stresses  Beneath  a Towed  AD  468  723 

Pneumatic  Tire  in  Air-Dry  Sand,  by  A.  J. 

Green  and  N R Murphy 

Jul  1960  Validation  of  Soi 1 -St rength  Criteria  for  Aircraft  AP  241  546 

Operations  on  Unprepa.ed  Larding  Strips 

Tests  with  Rigid  Wheels 

May  196'  Report  1 Tests  in  F3t  Clay,  1958  AP  266  510 

Project  Otter  (r*verland  Tiain  Terrain  Evaluation 
Research) : 

Dec  1961  Report  1 Pretest  Report  AD  402 

Feb  1965  Report  2 Test  Report,  by  J.  H.  Shamburger  and  L.  M.  AD  613 

Duke 


257 

166. 


Aug  1962 


Operation  Swamp  Fox  I,  Terrain  and  Soil  Trafficabi 1 its 
Observations 


AD  290  529 
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for  Describing  the  Load-Deformation  Response 
of  Soils,  by  N.  R.  Murphy 

Nov  1970  Report  3 Effects  of  Velocity,  Sue  and  Shape  of  Probes 
on  Penetration  Resistance  of  Fine-Grained 
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-.-.1  19'1  Report  4 Relative  Density  and  Cone  Penetration  Resis- 
tance, by  K.-J.  Melzer 

Jun  1973  Report  5 Resistance  of  Fine-Grained  Soils  to  High-Speed 
Penetration,  by  G.  W.  Turnage 

Jul  1974  Report  6 Measuring  Soil  P-operties  m Vehicle  Mobility 
Research;  Resistance  of  Coarse-Grained  Soils 
to  High-Speed  Penetration,  by  G.  W.  Turnage 

Jun  1975  Report  7 Measuring  joil  Properties  in  Vehicle  Mobility 
Research;  Behavior  of  Fine-Grained  Soils  under 
High-Speed  Tire  Loads,  by  G.  W.  Turnage 

3-656  Trafficability  Tests  on  Confined  Organic  Terrain 
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Sep  1964  Report  1 Summer  1961  Tests,  by  N.  W.  Radforth  and  E.  S. 
Rush 
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(Cont) 
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, and  N.  W.  Radf^rth 
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AD 

629 

S22 

Volume  II 

AD 

73S 

773 

3-665 

Performance  of  Soils  Under  Tire  Loads:- 

Jan 

1965 

Report  1 

Test  racilities  and  Techniques,  by  J.  t. 
McRae,  C.  J.  Powell,  and  R.  D.  Wismer 

AC 

456 

426 

AUg 

1965 

Report  2 

Analysis  of  Tests  in  Yuaa  Sand  Through  August 
1962,  by  C.  J.  Powell  and  A.  J.  Green 

AD 

621 

04S 

Feb 

1966 

Report  3 

Tests  in  Clay  Through  November  1962,  by  R.  D. 
Wismer 

AD 

631 

029 

Feb 

1966 

Report  4 

Analysis  of  Tests  in  Sand  from  September 
1962  Through  November  1963,  by  G.  W.  Tumage 
anJ  A.  J.  Green 

AD 

632 

24S 

Jul 

1967 

Report  5 

Development  and  Evaluation  of  Mobility 
Numbers  for  Coarse-Grained  Soils,  by  A.  J. 
Green 

AD 

817 

122 

Oct 

1967 

Report  6 

Effects  of  Test  Techniques  on  Wheel  Perfor- 
mance, by  N.  R.  Murphy 

AD 

823 

500 

Apr  1972 

Report 

Extension  of  Mobility  Prediction  Procedures 
to  Rectangular-Cross  Section  Tires  in  Cuarse- 
Grained  Soil,  by  T.  R.  Patin 

AD 

741 

7/0 

Sep  1972 

Report  8 

Application  of  Test  Results  to  Tire  Selection 
for  Off-Road  Vehicles,  by  G.  W.  Tumage 

AD 

751 

750 

3-670 

Jar 

1965 

Wheels  on  Soft  Soils;  an  Analysis  of  Existing  Data,  by 
l)  R.  Freitag 

AD 

4S7 

8/, 

3-681 

Mobility 

Envirjnmental  Research  Study: 

Jun 

1965 

Report  1 

A Literature  Survey  of  Environmental  Factors 
in  Thailand,  by  J.  D.  Lroughton,  J.  H. 
Shamburger,  and  D.  B.  Del  Mar 

AD 

620 

030 

T-688 

Aug 

1965 

A Dimensional  Analysis  of  the  Performance  of  Pneumatic 
Tires  on  Soft  Soils,  by  D.  R.  Freitag 

AD 

62i 

9SS 

3-693 

Terrain  Analysis  by  Electromagnetic  Means: 

Oct 

1965 

Report  1 

Laboratory  Investigations  in  the  0.76-  to 
5. 00-Micron  Spectral,  by  B.  R.  Davis, 

E.  B.  Lipscomb,  and  S.  J.  Knight 

AD 

472 

873 

Sep  1966 

Report  2 

• Radar  Responses  to  Laboratory  Prepared  Soi 1 
Samples,  by  J.  8.  Cun-lien 

AD 

802 

104 

Nov 

1967 

Report  3 

Laboratory  Investigations  in  the  0-  to  2.82- 
mev  Gamma-Ray  Spectral  Reg. on,  by  J R. 
Lundien 

AD 

825 

172 

10 


Number 

3-693 
(Cont ) 

3-702 

3-703 

3-726 


3-'29 

3-732 
3 -'44 


Technical  Reports 


Date  Title 


AD  Number 


May  1967  Report  4 Laboratory  Investigations  of  the  Infrared 
Emissivity  of  Soils  Below  a Wavelength  of 
7.7  Microns,  by  N.  J.  Lavecchia,  A.  N. 
Williamson,  and  H.  J.  Nikodem 

Feb  1971  Report  5 Laboratory  Measurement  of  Electromagnetic 

Propagation  Constants  in  the  1.0-  to  l.S-GHt 
Microwave  Spectral  Region,  by  J.  R.  Lundien 

Dec  1965  Characteristics  of  U.  S.  Rice  Fields  and  Their  Effects 
on  Ground  Mobility,  by  J.  G.  Kennedy  and  E.  S.  Rush 

Nov  196S  A Study  of  the  Effects  of  Wet  Surface  Soil  Conditions 
cn  the  Performance  of  a Single  Pneumatic-Tired  Wheel, 
by  J.  L.  Smith 


Mobility  Environmental  Research  Study:  A Quantitative 
Method  for  Describing  Terrain  for  Ground  Mobility: 

May  1968  Volume  1 Sumaary,  by  J.  H.  Shamburger  and  W.  E. 
Grabau 

Jan  1968  Volume  H Surface  Composition,  by  R.  C.  Wright  and 
J.  R.  Bums 

Sep  1967  Volume  ill  Surface  Geometry,  by  W.  K.  Dombusch 

Mar  1968  Volume  !V  Vegetation,  by  J.  D.  Broughton  and  E.  E. 

Addor 

Nov  1967  Volume  V Hydrologic  Geometry,  by  E.  E.  Garrett  and 
J.  H.  Shamburger 

May  1966  Volume  VI  Selected  Air-Photo  Patterns  of  Terrain 
Features,  by  R E.  Frost,  P.  L.  Johnson, 

R.  D.  Leighty,  V.  H.  Anderson,  A.  0.  Poulin 
and  J S . R i nkt  r 


Apr  1968  Volume  VII  Development  of  Factor-Complex  Maps  for 
Ground  Mobility,  by  W.  K . Dombusch 

June  1966  Volume  VIII  Terrain  factor-Faai ly  Maps  of  Selected 
Areas 


AD  815  453 

AD  881  799 

AD  628  734 
AD  625  390 


AD  835  392 

AD  827  289 

AD  820  '88 
AD  830  184 

AD  827  290 

AD  484  65o 

AD  833  829 
AD  487  500 


Apr  1966  Feasibility  Stud)  of  the  Use  of  Rada,r  to  Detect  Surface  aP  483  864 
and  Ground  Water,  b>  8.  R.  Davis,  J.  R.  Lundien,  and 
A.  V W.lliamson 


Jun  I960  Mechanics  of  Wheels  on  Soft  Soils.  A Method  of  Analy: 
mg  Test  Results.  5>*  E.  M.  Lefleivc 


AD  485  854 


Nov  19b'  Report  2 Effect  _f  Width  on  Rigid  Wheel  Performance, 
by  E.  H Lefiaive 


A0  824  272 


Jun  1966  Comparison  of  Engineering  Properties  of  Selected  AD  486  478 

Temperate  and  Tropical  Surface  Soils,  Oy  M.  F.  Meyer 

Traff icabi  1 i tv  Tests  on  Unconfmed  Organic  Terrain 
(Muskeg) 

V-v  1366  Report  1 Summer  1963  Tests,,  by  E.  S.  Rush  and  B G AP  805  328 

Schreiner 
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Number 

Date 

Title 

AD 

Number 

3-753 

Jan  1967 

Tr3fficability  Classification  of  Thailand  Soils,  by 
M.  P.  Meyer 

AD 

808 

S40 

3-783 

An  Analytical  Model  for  Predicting  Cross-Country 
Vehicle  Performance: 

Jul  1<>6/ 

Appendix  A Instrumentation  of  Test  Vehicles,  B.  0. 
Benn  and  Malcolm  Keown 

AD 

817 

S32 

Appendix  B Vehicle  Performance  in  Lateral  a:iJ  Longi- 
tudinal Obstacles  (Vegetation) 

Dec  1968 

Volume  i Lateral  Obstaclts,  by  C.  A.  B!acks.oP.  and 
J.  K.  Stoll 

AD 

846 

2S7 

Jul  1968 

Volume  II  Longitudinal  Obstacles,  by  C.  A.  Blackmon 
and  D.  D.  Randolph 

AD 

838 

872 

Feb  1972 

Appendix  C Vehicle  Performance  in  Veitical  Obstacles 
(Surface  Geometry),  by  C.  A.  BUckmon  and 
S'.  R.  Murphy 

AD 

737 

687 

Feb  1970 

Appendix  0 Performance  of  Amphibious  Vehicles  in  the 
Water-Land  Interface  (Hydrologic  Geometry), 
by  C.  A.  Blackmon,  B.  C.  Stinson,  and  J.  K. 
Stoll 

AD 

866 

16S 

Apr  1971 

Appendix  F.  Quantification  of  the  Screening  Effects  of 
Vegetation  on  Driver’s  Vision  and  Vehicle 
Speed,  by  B.  G.  Stinson 

AD 

724 

070 

Aug  1970 

Appendix  F Soil-Vehicle  Relations  on  Soft  Clay  So’ Is 
(Surface  Composition),  by  C.  A.  Blackmon 

AD 

87S 

612 

3-790 

Jul  1967 

Pnot  Study  of  Response  of  CV-2  Aircraft  to  Irregular 
Terrain,  by  A.  J.  Green  and  E.  S.  Rush 

AD 

818 

980 

5-791 

Moisture-Strength  Characteristics  of  Selected  Soils  in 
Thailand' 

Aug  1967 

Volume  I Analyses  and  Application  of  Data,  by  J.  G. 

Kennedy,  J.  G.  Collins,  and  M.  H.  Smith 

AD 

820 

220 

Aug  1967 

Volume  II  Basic  Data,  by  J.  G.  Kennedy,  J.  G.  Collins, 
and  M.  H.  Smith 

AO 

820 

221 

♦3-808 

Jan  1968 

Evaluation  of  the  Perform  .nee  of  the  XM759  Logistical 
Carrier,  by  B.  C.  ^-hreiner  and  A.  A.  Rula 

AD 

826 

1 14L 

M-68-1 

Dynamics  of  Wheeled  Vehicles' 

May  1968 

Report  1 A Mathematical  Model  for  the  Traversal  of 
Rigid  Obstacles  by  a Pneumatic  Tire,  by 
A.  S.  Lessem 

AD 

834 

324 

Aug  1969 

Appendix  B Digital  Implementation  of  Segmented 
Tire  MoJel,  by  V.  R.  Murphy 

AD 

3S’ 

163 

1? 


Statement  B. 


See  Preface. 


Number  Date  Title AD  Number 

M-68-1  Mar  1971  Report  2 Implementation  of  Wiener-Bose  Theory  and  AD  723  403 

(Cont)  Application  to  Ride  Dynamics,  by  A.  S.  Lessem 

Apr  1971  Report  3 A Statistical  Analysis  of  '’'♦rrain-Vehicle-  AD  723  405 

Speed  Systems,  by  N.  R.  Murphy 

Mai  1972  Report  4 A Statistical  Analysis  of  Obstacle-Vehicle-  AD  739  916 

Speed  Systems,  by  G.  G.  Switzer 

M-68-2  May  1968  Contribution  to  the  Mechanics  of  Rigid  Wheels  on  Sand,  AD  833  871 

by-K.  W.  Wiendieck 

M-69-2  May  1969  Improved  Wheel  Performance  on  Sand  by  Controlled  Cir-  AD  688  876 

cumferential  Rigidity,  by  K.  W.  Wiendieck 

M-70-1  Mar  1970  The  Basic  Sinkage  Equations  and  Bearing  Capacity  AD  869  015 

Theories,  by  M.  J.  Hvorslev 

M-70-2  Mar  1970  Performance  Evaluation  of  Wheels  for  Lunar  Vehicles,  AD  702  246 

by  D.  R.  Freitag,  A.  J.  Green,  and  K.-J.  Melzer 

M-70-3  Mar  1970  Evaluation  of  WES  Analytical  Model  in  Selected  Terrains 

(XMSS9E1  GOER  Tests  at  Camp  Gagetown,  New  Brunswick, 

Canada),  by  B.  G.  Stinson 

M-70-4  Mar  1970  Relative  Off-Road  Mobility  Performance  of  Six  Wheeled 

and  Four  Tracked  Vehicles  in  Selected  Terrain,  by  J.  K. 

Stoll,  0.  D.  Randolph,  and  A.  A.  Rula 

M-70-S  Apr  1970  Performance  of  Riverine  Utility  Craft  (RUC)  in  Riverine  AD  869  011 

Environments,  by  B.  G.  Schreiner,  R.  P.  Smith,  and 
C.  E.  Green 

M-70-6  Apr  1970  Quantitative  Description  of  Sel.cted  West  German 

Terrain  for  Ground  Mobility,  by  H.  K.  Woods  and  J.  H. 

Shamburger 

M-70-7  Evaluation  of  the  Relative  Off-Road  Performance  of  15 

Vehicles  in  Synthalogous  Theaters  of  Operation  (STOP) 

Terrain  Factor  Complexes:' 

May  1970  Volume  I Application  of  an  Analytical  Model  for  Pre- 
dicting and  Evaluating  Vehicle  Performance  in 
STOP  Terrain  Factor  Complexes;  and  Appendix  A- 
Analytical  Model  for  Predicting  Cross-Country 
Vehicle  Performance,  by  D.  D.  Randolph 

May  1970  Volume  II  Appendix  B:-  Vehicle  Performance  Predi  tions 
in  Tropical  Climate  Theater; 

Appendix  C:-  Vehicle  Performance  Predictions 
in  Arid  Climate  Theater; 

Appendix  D>  Vehicle  Performance  Predictions 
in  Temperate  Climate  Theater,  by  D.  D. 

Randolph  and  R.  H.  Johnson 

M-70-8  Ju  1970  A Preliminary  Study  of  Seafloor  Trafficability  and  Its  AD  710  965 

Prediction,  by  K.  W.  Wiendieck 

’M-70-10  Jul  1970  Relative  Off-Road  Mobility  of  MBT70  and  M60A1E1  Tanks  AD  511  150L 

in  Selected  Terrains  in  West  Germany,  by  A.  A.  Rula, 

C.  A.  Blackmon,  B.  G.  Stinson,  and  J.  K.  Stoll 


‘ Statement  B.  See  Preface. 
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Number 

M-70-11 


N-70-12 

* 

* 

M-70-14 


M-70-15 

•M-71-1 

M-71-4 

M-71-5 

M-71-6 

M-71-7 


Date 

Mar  1971 

Jul  1970 
Jar  1974 

Jul  1970 


Nov  1970 
Nov  1970 

Jul  1971 
Oct  1970 

May  1971 
Jul  1971 

Jul  1971 
Nov  1971 

Sep  1971 

Oct  1971 


Title 


AD  Number 


Mobility  Exercise  A (MEXA)  Field  Tests  Program;. 

Report  2 Volume  1,  Performance  of  MEXA  and  Three  AD  883  199 

Milita*.  «enicles  in  Soft  Soil,  by  B.  G. 

Schreiner 

Report  3 Performance  o MEXA  and  Three  Military  AD  875  940 

Vehicles  in  Lateral  Obstacles,  by  J.  L.  Decell 

Report  4 Performance  of  Selected  MEXA  and  Military 
Vehicles  ir  Vertical  Obstacles,  by  N.  R. 

Murphy,  Jr.,  and  A.  A.  Rula 

European  Waterways  Study;  a Procedure  for  Describing 
Tactical  Gaps,  by  R R.  Friesz,  A.  P.  Desmarais,  K.  S. 

Fife,  W.  G.  Willis,  and  W.  E.  Grabau 

Volume  I AD  87S  511L 

Volume  2 AD  875  S12L 

Volume  3 AD  875  S4GL 


Penetration  Resistance  of  Soils;. 


Report  1 Tests  with  Circular  Footings  in  Air-Dry  Sands,  AD  715  979 
by  A.  J.  Green 

Report  2 Gamma-Ray  Techniques  for  Nondestructive  AD  715  980 

Measurements  of  Soil  Density  and  Density  Pro- 
file, by  A.  N.  Williamson 

Report  3 Tests  with  Circular  Footings  in  Cohesive  AD  72o  368 

Soils,  by  A.  J.  Green 


Performance  of  Boemg-GM  Wheels  in  a Lunar  Soil  Simu- 
lant (Basalt),  by  A.  J.  Green  and  K.-J.  Melzer 
'Superseded  by  M-71-10,  Report  1) 

Performance  Evaluation  of  a First-Generation  Elastic  AD  B007  71SL 
Loop  Mobility  System,  by  K.-J  Melzer  and  A.  J.  Green 

An  Analysis  of  Ground  Mobility  Models  (ANAM0B) , by  AD  886  513 

A.  A.  Rula  and  C.  J.  Nuttall 


Performance  cf  Soils  Under  Track  Loads :• 


Report  1 Model  Track  and  Test  Program,  by  G.  W.  Tumage  AD  728  496 

Report  2 Prediction  of  Track  Pull  Performance  in  a AD  733  926 

Desert  Sand,  by  G.  W.  Turnage 

Prediction  of  the  Slope-Climbing  Capability  of  Elastic-  AD  731  205 
Rim  Wheels,  by  K.  W.  Wiendieck 

Effect  of  Yaw  Angle  on  Steering  Forces  for  the  Lunar  AD  A006  518 
Roving  Vehicle  Wheel,  by  A.  J.  Green 


Statement  B. 


See  Preface. 
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Numbc  r 

Date 

Title 

AD  Number 

M-71-8 

Nov  1971 

Performance  of  Dual-Wheel  Configurations  in  Coarse- 
Grained  Soil,  by  K.-J.  Melzer 

AD 

732  864 

M-71-10 

Performance  of  the  Boeing  LRV  Wheels  in  a Lunar  Soil 
Simulant : 

Dec  1971 

Report  1 Effects  of  Wheel  Design  and  Soil,  by  A.  J. 
Green  and  K.-J.  Melzer 

AD 

7S6  213 

Dec  1971 

Report  2 Effects  of  Speed,  Wheel  Load,  and  Soil,  by 
K.-J.  Melzer 

AD 

AO 06  498 

M-72-1 

Jun  1972 

Studies  of  the  Dynamics  of  Tracked  Vehicles,  by  A.  S. 
Lessem  and  N.  R.  Murphy 

AD 

743  464 

M-73-1 

Sep  1972 

Vehicle  Mobility  Assessment  for  Project  Wheels  Study 
Group  iWith  Addenda;,  by  A.  A.  Rula,  C.  J.  Nuttall,  Jr., 
and  H.  J.  Dugoff 

AD  A008  286 

•M-73-S 

Aug  1973 

A Numerical  Model  of  the  Ride  Dynamics  of  a Vehicle  Using 
a Segmented  Tire  Concent,  by  W.  F.  Ingram 

AD 

913  281L 

S-73-13 

jec  1973 

VshicU/Rw.’d  Compatibility  An?iysr»  and  Modification 
Systems  (VRCAelS) , by  V.  C.  Baroer  ->nd  N.  R.  Murphy 

AD 

i~2  962 

M-74-1 

Jan  1974 

Helicopter  Movement  on  unimproved  Terrain,  by  E.  S. 
Rush  and  C.  E.  Green 

AD 

780  698 

•M-74-3 

Apr  1974 

A Variable-Stress  Vehicle  Reliability  Model,  by  A.  S. 
Lessem 

AD 

919  333L 

M-74-7 

Jun  1974 

Performance  Evaluation  of  a Second-Genera  cion  Elastic 
Loop  Mobility  System,  by  K.-J.  Melzer  and  G.  D.  Swanson 

S-74-7 

Sep  1974 

Stresses  and  Shearing  Resistance  in  Soil  Beneath  a 
Rigid  Wheel,  by  M.  M.  Al-Hussaini  and  P.  A.  Gilbert 

AD 

A000  609 

M-7S-1 

Jun  197S 

Small-Scale  Mobility  Tests  m Fine-Grained  Layered 

AD 

A013  491 

Soils,  by  G.  D.  Swanson,  and  T.  R.  Patin 


* Statement  B. 


See  Preface. 
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Miscellaneous  Papers 


« 

1 

i 

1 

l 

g 

Number 

Date 

Title 

AD  Number 

4-19 

Nov 

1952 

Report  on  Traffic-ability  Conditions  and  Airfield  Site 
Selection  in  an  Area  in  Norfolk  County,  East  Anglia 
England 

1 

4-73 

Sep 

1954 

A Study  of  Moisture-Content  Determinations  on  Selected 
Soils 

AD 

041 

085 

1 

4-101 

Nov 

1954 

Trafficahility  Survey  of  Selected  Areas,  Camp  Stewart 
Georgia 

i 

t 

i 

\ 

7 

t 

\ 

X 

4-117 

•Mar 

1955 

Field  Tests  of  Nuclear  Instruments  for  the  Measurement 
of  Soil  Moisture  and  Density 

AD 

073 

388 

4-135 

Jul 

1955 

The  Development  of  Methods  for  Predicting  Soil  Moisture 
Content,  Report  on  the  Fairbanks,  Alaska,  Extension 

AD 

747 

826 

\ 

l 

1- 147 

Jan 

1956 

Vehicle  Mobility  on  Soft  Soils 

AD 

841 

344 

7 

( 

4-2*0 

Stresses  Under  Moving  Vehicles! 

\ 

i 

l 

( 

Jui 

1957 

Report  1 A Pilot  Study  of  WES  Earth  Pressure  Cell 
Actio.,  in  Comparatively  Soft  Soil  (See 
TR  3-545  for  subsequent  reports  in  this 
series) 

AD 

841 

343 

5 

{ 

4-238 

Nov 

19S7 

Statistical  Occurrence  of  Soil  Strength 

i 

4-241 

Oct 

1957 

Vehicle  Mob.lity 

AD 

841 

’46 

r 

i 

4-282 

AUg 

1958 

Comparison  of  Performance  Characteristics  in  Snow  cf 
the  Polecat  and  Weasel 

« 

4-284 

Aug 

1958 

A Limited  Study  of  Factors  That  Affect  Soil  Strength 

4-298 

Jan 

1959 

Meteorological  and  Trafficability  Data,  U.  S. -Canadian 
Arctic  Weather  Stations 

AD 

756 

305 

4-300 

Jan 

1939 

Aer’al  Penetrometer  Demonstration  at  Fort  Rucker, 
Alabama 

AD 

625 

601 

4-322 

Feb 

1959 

A Limited  Study  of  Snap-Tracs 

..D 

756 

291 

4-327 

Mar 

1959 

Effect  of  Mold  Site  and  Other  Factors  on  Laboratory 
Cone  Index  Measurements 

AD 

841 

34  7 

4-338 

Apr 

1959 

Prediction  of  Soil  Moisture  from  Soil  and  Weather 
Records 

AD 

A006 

496 

4-3bi 

Jul 

1959 

Pilot  Study  to  Evaluate  the  Squeeze  Test  for  Use  in 
Vehicle-Mobility  Research 

AD 

841 

348 

.-355 

Trafficability  Predictions  in  Tropical  Soils:- 

' 

Sep 

1959 

Report  1 Four  Soils  in  the  Panama  Canal  Zone 

AD 

A006 

520 

Feb 

1960 

Report  2 Puerto  Rico  Study- 
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Miscellaneous  Papers 


Nufcber 

Date 

Title 

AD_ 

* uaber 

4 -355 
(Cant) 

Aug  1966 

Report 

3 

Panama  Study  No.  2 (October  1961 -Sept ember 
19 13),  by  A.  R.  McDaniel 

AD 

R01 

321 

a 

Nov  196 

Report 

4 

C-jhvsbia  Study  (July  1902-July  1963),  by 
A.  R.  McDaniel 

AD 

824 

Toll 

■> 

Dec  196' 

Report 

S 

Costa  Rica  S'udy  No.  1 (January  1963- January 
1965),  b-  A.  R.  McDaniel 

AD 

824 

882L 

Nov  1 953 

Report 

6 

Puerto  Rico  Study  No.  2 (March  I 962 -November 
1963),  by  J.  G.  Kennedy  and  T.  E.  Hicks 

AD 

845 

616 

Nov  -970 

Report 

7 

Hava i:  Study,  by  C.  A.  Carlson,  W.  P.  Bohnert, 
and  M.  P.  Meyer 

AD 

877 

5'7 

• 

Aug  1971 

Report 

8 

Costa  Rica  Study  No.  2 (January  i964- 

AD 

888 

001L 

September  1965),  by  A.  R.  McDaniel  and 
M.  H.  Saith 


4-362 

Oct 

1959 

Preliminary  Study  of  Stresses  Under  Off-Road  Vehicles 

AD 

841 

549 

4-365 

Nov 

1959 

Traffic  Evaluation  Tests  of  Rogers  Dry  Lake,  California 

4-371 

..'an 

ISoO 

Laboratory  Tests  of  Liquid  Nitrogen  Soil-Moisture 
Samplers 

AD 

756 

311 

4-394 

May 

1960 

Strength  Requirements  i-.  iMsurfaced  Soils  for  Aircraft 
Operations 

4 404 

Jul 

1960 

The  Army  Mobility  Research  Center  Test.ng  Facility 

4-412 

Nov 

I960 

A Limited  Study  of  the  Performance  of  the  2-Ton  Meili 
Flex-Trac 

AD 

7S6 

321 

3-428 

Jar. 

1961 

Physical  Components  of  the  Shear  Strengln  of  Saturated 
Clays 

4-438 

Jul 

1961 

Trafficability  Tests  with  Jumbo  Truck  on  Organic  and 
Coarse-Grained  Mineral  Soils 

AD 

756 

331 

4-439 

Aug 

1961 

Trafficability  Tests  with  the  Airoll  on  Organic  and 
Mineral  Soils 

AD 

A006  497 

4-441 

Aug 

1961 

Measurement  and  Estimation  of  the  Trafficability  of 
Fine-Grained  Soils 

4-442 

Aug 

1961 

Soil  Trafficability  Classification  Scheme 

4-443 

Aug 

1961 

The  Behavior  of  Sand  Under  Pneumatic  Tires 

4-444 

Aug 

1961 

Classification  of  Terrain  for  Mobility  Purposes 

AD 

666 

222 

4-446 

Aug 

1961 

Comparison  of  Trafficability  of  Muskeg  with  Traffic- 
abilitv  of  Other  Soft  Soil  Terrains 

AD 

7S4 

332 

4-447 

Aug 

1961 

Properties  of  Surface  Soils  in  the  Nest  Season 

AD 

754 

3ZS 

4-457 

Nov 

1961 

Some  Factors  Affecting  Moisture  Content-Density- 

AD 

753 

641 

Cone  Index  Relations 


* Statement  C.  See  Preface 
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Number 

Date 

Title 

AD  Number 

4*401 

Dec 

1961 

A Technique  for  Mapping  Trafficability 

AD 

754 

334 

4-462 

Dec 

1961 

Measuring  Soil  Trafficability  Characteristics 

AO 

7S4 

333 

4-465 

Dec 

1961 

Stresses  in  Yielding  Soils  Under  Moving  Wheels  and 
Tracks 

4-460 

Feo 

2062 

Distribution  of  Stresses  on  an  Unyielding  Surface  Je- 
fieath  a Pneumatic  Tire 

t-477 

Ap- 

19b2 

Trafficability  Tests  with  the  S-Ton  GOER  (XM520)  on 
Fine-  and  Coarse-Grained  Soils 

AD 

646 

591 

3-482 

Apr 

1962 

Predicting  Soil-Moisture  Distribution  in  Areas  of 
Seasonal  Frost,  Feasibility  Study 

AD 

756 

302 

4-497 

May 

1962 

Dei  lection  of  a Moving  Tire  on  Firm  to  Soft  Surfaces 

4-S05 

Aug 

1962 

Operation  Wheeltrack,  Camp  A.  P.  Hill,  Virginia,  25-30 
April  1962 

4-513 

Jul 

1962 

Airoll  Performance  in  Snow 

AD 

744 

463 

Unnum- 

bered 

Aug 

1962 

Report  of  Mobility  Consultants  Conterence,  Waterways 
Experiment  Station,  Vicksburg,  Mississippi,  13-15 
June  1962 

4-S28 

Sep 

1962 

Documentation  of  Conditions  Attendant  to  Amv  Tactical 
Mobility  Requirements  (Howte)  Board  Testing 

AD 

744 

213 

4-535 

Oct 

1962 

A Technique  for  Estimating  the  Slope-Climbing  Ability 
cf  Wheeled  Vehicles  <r.  Sand 

AD 

744 

?14 

4-547 

Jan 

1963 

Identifying  Soil  Parameters  with  an  Infrared  Spectro- 
photometer 

AD 

744 

220 

4-556 

Jan 

1963 

Visit  to  Swamp  Fox  11  Operation 

.3-592 

Jul 

1963 

Terrain  Evaluation  for  Mobility  Purposes 

AD 

744 

216 

4-594 

Aug 

1963 

Visit  to  University  of  Illinois  to  Discuss  Tropical 
Soils  Studies 

AD 

7-4 

217 

4-602 

Oct, 

1963 

Study  of  the  Characteristics  of  Rice  Fields  in  Lhe 
United  States 

AD 

744 

215 

4-621 

Jul 

1963 

Speed  Tests  Conducted  in  Canada  During  faskeg 
Trafficability  Test  Program,  August  1962 

AD 

744 

219 

4-623 

Feb 

1964 

Comments  on  Mobility  Research 

AD 

744 

221 

4-626 

Feb  1964 
Revised 
Sep  1964 

Theory  for  a Towed  Wheel  in  Soil 

AD 

744 

132 

4-629 

Feb 

1964 

Normal  Stresses  at  the  Tire-Soil  Interface  in 
Yielding  Soils 

AD 

744 

724 

4-630 

Feb 

1964 

Terrain  Reconnai  sance  with  Electromagnetic  Sensors 

4-638 

Apr 

1964 

The  Terrain-Vehicle  Programs  of  the  U.  S.  Army  Engineer 
Waterways  Experiment  Station 

AD 

744 

218 

4-64? 

Apr 

1964 

Variation  in  tha  Trafficability  >f  Sands 
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Oat; 

Till- 

AD 

Number 

4-r>  Si 

Miy 

1964 

Tracks  Versus  Wheels  in  Soft  Soil  and  Snow 

AD 

744 

222 

«-652 

May 

1964 

A Comparison  of  Quantitative  Versus  Nonquant i tat ive 
Terrain  Descriptive  Systems  for  Mobility  Analysis 

74S 

148 

4-670 

Aug 

1964 

Report  of  Second  Meeting  of  ARPA  Advisory  Committee  on 
Mobility  Environmental  Research  Study  (24-26  February 
1964,  Vicksburg,  Mississippi) 

AD 

478 

994 

4-687 

Dec 

1964 

Retention  of  Detail  in  Map  General- tat  ion,  by  E.  E. 
Ad dor  and  W.  E.  Grabau 

AD 

745 

149 

4-702 

Feb 

1965 

Vicksburg  Mobility  Exercise  A,  Vehicle  Analysis  for 
Remote-Area  Operation,  by  3.  J.  knight 

AD 

613 

366 

4-713 

Mar 

1965 

Trafficability  of  Snow  in  Arctic  and  Subarctic  Regions, 
by  B.  G.  Schreiner 

AD 

745 

ISO 

4-726 

Mobility  Environmental  Research  Study:- 

Jun 

1965 

Report  1 Selection  and  Description  of  Test  Areas,  1).  S. 
Mi'itary  Reservations,  by  H.  K.  Wood.<  and 
J.  H.  Shamburger 

AD 

74S 

151 

4-743 

Oct 

1965 

Tests  to  Evaluate  the  Mobility  of  jig.tr  and  Fisher 
Vehicles,  by  M.  P.  Meyer 

AD 

901 

950 

3-749 

Nov 

19oS 

Statistical  Evaluation  of  Cone-Penetration-Test  Data,  by 
J.  K.  Poplin 

AD 

736 

121 

4-750 

-iov 

1965 

Center-Line  Deflection  of  Pneumatic  Tires  Moving  m 
Dry  Sand,  by  D.  R.  Freitag  and  M.  E.  Smith 

AD 

745 

152 

4-751 

Nov 

196S 

Trafficability  Tests  witn  ihe  Marsh  Screw  Amphibian, 
by  S.  J.  Knight,  E.  S Rush,  and  B.  C-.  Srinson 

AD 

745 

1S3 

4-757 

Nov 

1965 

A Study  of  the  Effects  of  Wet  Surface  Soil  Cor.d'tions 
or.  the  Performance  of  a Single  Wheel,  by  J.  L.  Smith 

AD 

745 

154 

4-758 

Dec 

1965 

Mechanics  of  Wheels  on  Soft  Soils;  A Method  for  Pre- 
senting T.  ::  Results,  by  E.  M.  Leflaive 

AD 

746 

399 

4-766 

Jan 

1966 

Tests  wth  the  CH-47A  Chincok  Helicopter  in  Soft  Clay- 
Soil  , by  E.  S.  Rush 

AD 

627 

3/7 

4-767 

Jan 

1966 

Effects  of  Air  Surcharge  on  the  Bearing  Capacity  of 
Soft  Cohesive  Soils,  by  L.  J.  Lanz 

AD 

630 

804 

4-769 

Dec 

1965 

Traffic  Tests  to  Determine  the  Benefits  of  Vegetation 
in  Increasing  Traffic  Coverages,  by  1..  M.  Womack 

AD 

746 

622 

4-79' 

Feb 

1966 

Report  of  Conference  of  the  Board  of  Consultants  on 
Remote  Terrain  Analysis  by  Electromagnetic  Means; 
Waterways  Experiment  Station,  18-19  November  1965 

AD 

747 

095 

4-822 

May 

1966 

Effects  of  Soil  Layering  on  the  Use  of  YHF  Radio  Waves 

AD 

747 

096 

for  Remote  Terrain  Analysis,  by  H.  J.  Nikodem 
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AD_ 

Number 

4-823 

May 

1966 

Laboratory  Investigations  of  the  Gaana-Say  Spectral 
Region  for  Remote  Determination  of  Soil  Trafficability 
Conditions,  by  A.  N.  Williamson 

AD 

747 

097 

4-828 

Jul 

1966 

Development  of  a Formula  for  Towing  Resistance  for  a 
Wheel  in  Soft  Soil,  by  J.  L.  McRae 

AD 

746 

400 

4-82? 

Aug 

1966 

Comparison  of  Ground  Mobility  Characteristics  of  Land- 
Marine  Interfaces  or  Florida  and  Thailand,  by  E.  E. 
Garrett 

AD 

800 

075 

4-83S 

Aug 

1966 

A Dimensional  Analysis  of  the  Performance  of  Pneumatic 
Tires  on  Clay,  by  D.  R.  Freitag 

4-836 

Aug 

1966 

A Dimen< ional  Analysis  of  the  Performance  of  Pneumatic 
Tires  on  Sand,  by  D.  R.  Freitag 

AD 

7if, 

341 

4-836 

Aug 

1966 

Variation  in  Trafficability  of  Four  Loess  Soils,  by 
J.  R.  Bassett,  A.  R.  McDaniel,  and  S.  J.  Kr.ight 

AD 

800 

144 

4-8S4 

Nov 

1966 

Concepts  for  Vehicles  for  Off-Road  Use  in  Remote  Areas, 
by  A.  A.  Rula,  D.  R.  Freitag,  and  S.  J.  Knight 

AD 

746 

401 

3-861 

Dec 

1966 

Terrain  Evaluation  of  a Fortion  of  the  Fort  Greely 
Automotive  Test  Course;  Final  Report,  by  H.  Sham- 

burger,  C.  R.  Kolb,  and  H.  K.  Woods 

AD 

806 

S38 

4-870 

Feb 

1967 

Theory  for  Predicting  Performance  of  a Wheel  i.i  Soft 
Soil , by  J.  L.  McRae 

4-879 

Mar 

1967 

Trafficability  Tests  in  Fine-Grained  Soils  with  Two 
Vehicles  with  9-  to  10-Ton  Wheel  Loads,,  by  E.  3.  Rush 

AD 

811 

217 

unnum- 

bered 

Apr  1967 

Report  of  Conference  on  Soil  Trafficability  Prediction, 
U.  S.  Army  Engineer  Waterways  Experiment  Station, 

29-30  November  1966 

AD 

A019  176 

4-893 

May 

1967 

Bumps  and  Grinds:'  Study  in  Body  Motions,  by  W.  G. 
Shockley 

AD 

747 

098 

4-899 

May 

1967 

Aerial  Cone  Penetrometer  for  Measuring  the  Traffic- 
ahility  of  Soils,  by  S.  J.  Kr.ight 

AD 

746 

402 

4-9P 

Aug 

1967 

Trafficability  Tests  with  a Two-Wheel -Drive  Industrial 
Tractor,  by  E.  S.  Rush  and  5.  G Stinson 

AD 

819 

857 

4-921 

Aug 

1967 

A Suggested  Pr-cedure  for  the  Selection  and  De- 
scription cf  Reference  Test  Areas,  by  W.  E.  Grabau 

A! 

6S8 

659 

4-923 

Aug 

1967 

Flotation  Requirements  for  Aircraft,  b>  R.  C Ahlvin 
and  D.  N.  Brown 

AD 

739 

SSI 

4-940 

Oct 

1967 

Soil  Buildup  Between  Wheels  and  Sponson  of  XM759 
Logistical  Carrier,  by  E,  r.  Rush 

AD 

902 

843L 

4-912 

Oct 

1967 

Effects  of  Tread  Pattern  on  the  Surface  Traction  of 
Terra-Tires,  by  J L.  Smith 

AD 

747 

099 

4-944 

Nov 

1967 

A Qualitative  Approach  to  the  Pneumatic  Tire-Scft 
Soil  System,  by  L M.  Kraft 

AD 

K\ 

CM 

oo 

995 
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Number 

Date 
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AD 

Number 

'4-948 

Sep  1967 

Ground-Flotation  Investigation  of  Model  Wide  Tire,  by 
J.  E.  Watkins  and  W.  J.  Hill 

AD 

822 

345L 

4-949 

n»c 

1967 

Expedient  Surface-Soil  Sampling,  by  S.  J.  Knight 
and  C.  A.  Blackmon 

AD 

746 

350 

4-9S0 

Dec 

1967 

A Limited  Study  of  Effects  of  Soil  Strength  on  Walking 
Speed,  by  E.  S.  Rush  and  A.,  A.  Rula 

AD 

746 

403 

4-9S9 

Jan 

1968 

Application  of  Trafficability  Analysis  to  Forestry,  by 
D.  R.  Freitag  and  B.  Richardson 

AD 

746 

404 

4-960 

Jan 

1968 

Penetration  Tests  for  Soil  Measurements,  by  D..  R., 
Freitag 

4-961 

Jan 

1968 

Summary  of  Comparison  of  Engineering  Properties  of 
Selected  Temperate  and  Tropical  Surface  Soils,  by 
M.  P.  Meyer 

AD 

746 

7S7 

4-979 

Mar 

1966 

Report  of  Second  Meeting  Vicksburg  Mobility  Exercise 
A,  Design  of  Field  Test  Program  (8-10  February  1967, 
Vicksburg,  Mississippi) 

4-986 

Apr 

1968 

Gamma-Ray  Measurements  to  Evaluate  Soil  Properties,  by 
».  N.  Williamson 

M-68-1 

Aug 

1968 

Effects  of  Test  Techniques  on  Wheel  Performance,  by 
N.  R.  Murphy  and  A.  J.  Green 

AD 

746 

758 

M-68-2 

Aug 

1968 

Description  and  Comparison  of  Tire  Performance  in 
Sand  in  Terms  of  Energy  Parameters,  by  E.  M.  Leflaive 

AD 

746 

759 

M-68-4 

Sep 

1968 

Trafficability  Tests  with  Major/Minor  Wheel  Vehicle 
Equipped  with  16x14.5-6  Tires,  by  J.  H.-  Robinson  and 
E.  S.  Rush 

AD 

841 

855 

M-68-S 

Dec 

1968 

Simulating  Dynamic  Pioe  Characteristics  of  Pneumatic 
Tires,  by  A.  S.  Lessem 

M-68-6 

Dec 

1968 

Stress-Displacement  Relations  and  Terrain-Vehicle 
Mechanics:-  A Critical  Discussion,  by  W.  Wiendieck 

M-66-7 

Dec 

1968 

A Mathemati-al  Model  for  Traversal  of  Rigid  Obstacles 
by  a Pneumatic  Tire,  by  A.  S.  Lessem  ana  A.  J Green 

M-68-8 

Dec 

1968 

A Theoretical  Evaluation  of  the  Shear-to-Normal  Stresj 
Ratio  at  the  Soil-Wheel  Interface,  by  K.  W.  Wiendieck 

M-69-1 

Jan 

1969 

Trafficability  Tests  with  a Rubber-Tired  Log  Skidder, 
by  B.  Y.  Richardson,  J.  H.  Robinson,  and  R.  P.  Smith 

AD 

848 

416 

M-69-2 

Jun 

1969 

Vehicle  Dynamics  Research  at  Waterways  Fxperiment 
Station,  by  A.  J.  Green  and  G.  G.  Switzer 

AD 

746 

760 
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AD 

Number 

M-69-4 

Sep  1969 

Limited  Trai 'icab. lity  Tests  with  Major/Minor  Wheel 
Vehicle  Equipped  with  20x14-10  Tires,  by  J.  H.  Robinson 
and  R.  P.  Smith 

AD 

8S9 

719 

M-69-S 

Utility  Carrier  Development  Program: 

Oct 

1969 

Report  1 Limited  Study  of  Effects  of  Jungle  Trail 

Characteristics  on  Performance  of  Selected 
Self-Propelled  Vehicles,  by  E.  S.  Rush 

AD 

7SJ 

427 

• 

Or 

1969 

Report  2 Limited  Study  of  Effects  of  Vegetation 

Characteristics  on  Pertormance  of  Selected 
Self-Propelled  Vehicles,  by  J.  L.  Decell, 
T.  D.  Hutto,  and  A.  A.  Rula 

AD 

902 

842L 

M-69-6 

Dec 

1961 

The  Role  of  Ground  Crawling  Vehicles  in  the  Ccean,  by 
K.  W.  Wiendieck  and  D.  R.  Freitag 

M-69-7 

Dec 

1969 

Effects  of  Cone  Velocity  and  Size  on  Soil  Penetration 
Resistance,  by  G.  W.  Tumage  and  D.  R.  Freitag 

M-69-8 

Dec 

1969 

A General  Theory  of  Stresses  and  Displacements  in 
Elastic  and  Viscoel »stic  Layered  Systems,  by  Yu-Tang 
Chou 

S-69-1S 

Apr  1969 

Evaluation  of  Nuclear  Methods  of  Determining  Surface  In 
Situ  Soil  Water  Content  and  Density,  by  T.  B.  Rotser 
and  S.  L.  Webster 

AD 

688 

079 

*M-70-2 

Apr  1970 

Worldwide  Strength  Cotditions  of  Surface  Materials, 
by  W.  P.  Bohnert  and  M.  P.  Meyer 

AD 

869 

490L 

M-79-4 

May 

1970 

Performance  Evaluation  of  Wheels  for  Lunar  Vehicles 
(Summary  Report),  by  D.-  R.  Freitag,  A.  J.  Green,  and 
K.-J.  Melzer 

AD 

70S 

570 

H 70-6 

May 

1970 

Effect  of  Pressure  Distribution  Under  Pneumatic  Tires 
on  Stresses  and  Displacements  in  the  Supporting 
Elastic  Media,  by  Y.  T.  Chou 

.4-70-7 

Sep  1970 

A Plan  foi  tjuantitative  Evaluation  of  the  Cross-Country 
Performance  of  Prototype  Vehicles,  by  W.  E.  Grabau, 

J.  K.  Stoll,  and  B.  G.  Stinson 

AD 

877 

016 

M-70-8 

Dec 

1970 

Tests  with  an  Experimental  Wheel  on  Clay,  by  K.  W. 
Wiendieck 

•M-70-9 

Dec 

1970 

Limited  Performance  Tests  of  the  XM759,  1-1/2-ton 

AD 

879 

172L 

Logistical  Carrier,  Amphibious,  by  B.  G.  Shreiner 
and  E.  S.  Rush 
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Number 

Date 

Title 

AD_ 

Number 

M-70-10 

Dec 

1970 

Effects  of  Soil  Surface  Conditions  on  Drawbar  'Pull  of 
a Wheeled  Vehicle,  by  E.  S.  Rush 

S-70-14 

lay 

1970 

Evaluation  of  Soil  Strength  of  llnsurfaced  Forward- Area 
Airfields  by  Use  of  Ground  Vehicles,  by  G.  M.  Hammitt 

AD 

709 

S89 

S-70-24 

Sep 

1970 

Soil  Strength  Criteria  for  Operation  of  Fighter  Aircraft 
On  Unsurfaced  Airfields;  Bare  Base  Support;  Project  3787- 
6S , by  D.  M.  Ladd 

AD 

75b 

158 

S-70-25 

Nov 

1970 

The  Effects  of  Geological  Features  on  Soil  Strength,  by 
E.  L.  Knnitzsky 

AD 

7S6 

159 

M-71-i 

Feb 

1971 

Standard  Penetration  Test  and  Relative  Density,  by 
K.-J.  Melzer 

M-71-2 

Feb 

1971 

Evaluating  Penetration  Tests  in  Clay  from  Measured 
Soil  Particle  Movements,  by  Y.  T.  Chou 

M-71-3 

Feb 

1971 

The  Performance  of  Two  Boeing-GM  Wheels  (GM  VII  and 

(?:  VIII)  for  the  Manned  Lunar  Rover  Vehicle,  by  A.  J. 
ureen  and  K.-J.  Melzer 


M-71-4 

Mar 

19  '1 

Event  Dial  P3ck;  Project  LN309;-  Effectiveness  of 
Crater.,  as  Barriers  to  Mobility,  by  C.  A.  Blackmon 
and  A.  A.,  Rula 

AD 

720 

986 

M-71-5 

Jun 

1971 

Utilization  of  Synthetic  Soils  in  Engineering  Research, 
by  A.  J.  Green 

AD 

A0C6 

519 

M-71-7 

Nov 

1971 

Automation  of  Cross-Country  Locomotion  Model,  by  J.  A. 
Parks  and  J.  K.  Stoll 

M-72-2 

Apr  1972 

Effect  of  Design  Changes  on  Vehicle  Performance;  A 
Limited  Study  of  the  M35A2  (Modified)  and  the  MI13A1 

AD 

A0 17 

725 

M-72-3 

Apr 

1972 

Operations  and  Maintenance  Manual  for  a Scale-Model 
Lunar  Roving  Vehicle,  by  A.  S.  Lessen 

A0 

75’ 

392 

M-72-5 

May 

1972 

Evaluation  of  Surface  Shear  Strength  Measurements  for 
Use  in  Laboratory  Mobility  Studies,  by  T.  R.  Patin 

AD 

743 

167 

S-72-9 

Mar 

1972 

Notes  on  Proving  Rings  and  Frames  for  Soil  Testing 
Equipment,  by  M.  J.  Hvorslev 

AD 

756 

199 

•S-72-34 

Nov 

1972 

Relative  Surfacing  Requirements  for  Container-Hand) mg 
Vehicles,  by  D.  N.  Brown,  A.  A.  Clark,  R.  J Lacavich, 
and  E.  S.  Rush 

AD 

905 

195L 

M-73-1 

Jan 

1973 

Automation  of  a todel  for  Predicting  Soil  Moisture  and 
Soil  Strength  (SiiSP  Model),  by  M.  H.  Smith  and  M.  P. 
Meyer 

AD 

755 

OPS 

M-i A-2 

Apr 

1973 

Power  Requirements  for  Wheels  Operating  in  Fine-Grained 
Soils,  by  K.-J.  Melzer 

AD 

7S9 

501 

M-73-4 

May 

1973 

Suggested  Method  for  Application  of  the  WES  VCI/RCI 

AD 

AO  17 

731 

Criteria  to  Helicopters  and  Related  Ground  Support 
Equipment,  by  E.  S.  Rush 


* Statement  B.  See  Preface. 


23 


Mi  sc  el  lanem.  s Pape  rs 


Number 

Date 

M-73-S 

Jun 

1973 

M-73-6 

hay 

1973 

M-73-7 

May 

1973 

•M-73-14 

Sep 

1973 

M-73-15 

Dec 

1973 

M-73-16 

Dec 

1973 

Unnum- 

bered 

Mar 

1974 

M-74-1 

Apr 

1974 

M-74-3 

May 

1.974 

M-74-5 

Aug 

1974 

*M-74-6 

Aug 

1974 

M-74  7 

Sep 

1974 

M-74-8 

Oct 

1974 

M-7S-3 

Apr 

1975 

♦M-7S-4 

May 

1975 

M-75-5 

Jun 

1975 

Tit  le A!)  s'uaber 


Event  Mixed  Company  III;  Project  LN305-  Effectiveness  AD  910  62” 
of  Craters  as  Barriers  to  Mobility,  by  C E.  Green 

Project  DIAMOND  ORE;  Phase  1 1 A : Effectiveness  of 

Craters  as  Barriers  to  Mobility,  by  C.  A.  Blackmon  and 
C.  E.  Green 


Analysis  of  the  Ability  of  a Laser  Profiloneter  Systera  AD  '13  180 
to  Evaluate  Unprepared  Landing  Sites,  by  L.  E.  Link,  Jr. 

Vehicle  Mobility  Assessment  Mumtiors  Transfer  Truck  Ah  600”  7161. 

on  Selected  Areal  Terrains,  by  B.  G.  Shremer  and  W,  r 

Willoughby 

The  Effect  of  Military  Transportation  Activities  on  the 
Environment,  by  A,  ,!.  Green,  D.  D.  Randolph,,  and  A.  A. 

Rula 

Prediction  of  Aircraft  Ground  Performance  by  Evaluation  AD  ”75  ”44 
of  Ground  Vehicle  Rut  Depths,  by  G.  W.  Tumage  and 
D.  N.  Brown 


Terrain  Analysis  for  the  Armored  Reconnaissance  Scout  AD  7'6  38” 

Vehicle  Test  Program,  by  D.  D Randolph  and  C.  A 

Blackmon 


A Limited  Study  of  the  Performance  of  an  Interim  3/4-Ton 
Wheel/Track  Convertible  Test  Rig,  Houghton,  Michigan,,  and 
Vicksburg,  Mississippi,  by  If  E.  Willoughby 

A Preliminary  Study  of  Scale-Model  Bulldozer  Blades 

Beach  Trafficability  Testing  with  Off-Road  Materials  AD  A017  723 
Handling  Equipment,  Anzio  Beach,  Little  Creek,  Virginia,, 
by  E.  S.  Rush 


Mobility  Validation  Test  Results  for  the  Armored  AD  B003  764L 

Reconnaissance  Scout  and  Comparison  Vehicles,  ly  k.  E. 

Wilioughby  and  B.  G.  Schreiner 

Characterization  of  Selected  Road  Sections  in  Western  AD  A018  289 
United  States,  by  . A.  Rula  and  J.  H.  Robinson 

Mapping  of  Selected  ARSV  Test  Courses  at  Fort  Knox,  AD  A001  520 

Kentucky,  and  Comparison  with  Other  Selected  Terrains, 
b D.  D.  Randolph 


Project  ESSEX  I,  Phase  1,  Mobilitv  Experiments,  by  C E AD  A0 1 1 493 
Green 


Terrain  Description,  Vehicle  Mobility  and  Cover  AD  BOOS  325L 

Concealment  Characteristics  for  the  Bushmaster  Middle 
East  and  Europe  Scenarios;  A Qualitative  Assessment, 
by  H.  W.  West  and  B.  G.  Schreiner 

Comparison  of  the  Ride  Qualities  of  Standard  AD  A013  986 

M60A1  and  Hybrid  (Tube-Over-Bar)  M60A1E3  Tanks, 
by  N.  R.  Murphy  Jr.  and  J.  H.  Robinson 


* Statement  B.  See  Preface. 
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Simher  Pate Title AD  Niaiber 

M-7S-’  Jun  19’S  WES  Papers  Presented  it  Fifth  International  Conference,  AD  A012  6S3 

International  Society  fo;  Terrain-Vehicle  Systems, 

June  2-6  197,>,  Detroit -Houghton,  Michigan 

M-~5-8  Aug  1975  Estimating  the  Performance  Capability  of  SO. 000-lb  AD  A014  273 

Capacity  Container  Handler  on  Deach  and  Desert  Sands, 
by  E.  S.  Rush  and  G.  N.  Durham 


Instruction  Reports 


Number 

Date 

Title 

AD  Number 

Unnum- 

bered 

Oct  1961 

Tropical  Soil  Studies;  Plan  of  Tests 

Unnum- 

bered 

Jan  1962 

Tropical  Soil  Studies  in  Panama  and  Puerto  Rico; 
Plan  of  Tests 

7 

Oct  1965 

Description  and  Application  of  Airfield  Cone  Penetrome- 
ter, by  W.  B.  Fenwick 

AD 

800 

746 

S-70-1 

Apr  1970 

Rapid  Assessment  of  Soil  Strength  at  Aircraft  Landing 
Sites,  by  G.  M.  Hammitt 

AD 

705 

572 

S-74-1 

Apr  1974 

Determination  of  In-Place  Moisture  and  Density  by 
Nuclear  Methods,  by  S.  L.  Nebster 

AD 

779 

422 

Jun  1974 

Errata  Sheet  No.  1 
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Paveaents  and  Soil  Trafficability  Information  Analysis  Ct  -,rr  Reports 


Nuaber  Date  Title 


AD  Nuaber 


1 


Apr  197S  Microthesaurus  of  Vehicle  Mobility,  Environaent,  and  AD  A011  269 
Paveaent  Teras 


2 Nov  1975  Bibliography  of  Papers  Presented  at  Meetings  or  in  AD  A018  290 

Technical  Journals  on  Studies  of  the  Mobility  and 
Environaental  Systeas  Laboratory,  by  M..  P.  Meyer 


27 


Contract  Reports 


Number 


4-6 


4-8 


4-12A 


3-15 


4-16 


4-17 


Date 


Jun  1951 
June  1951 

Dec  1952 
Jun  1951 
Feb  1954 
Jun  1954 
Sep  19S6 

Dec  1957 


Nov  1951 


Jul  1952 


Oct  1954 


Hay  1955 


Oct  19S5 


Mar  1956 


Contractor  and  Title  of  Report 

Purdue  University,  Engineering  Experiment  Station 

Application  of  Airphoto  Pattern  Analysis  to  Soil 
Trafficability  Studies:- 

Book  One  By  0.  W.  Mintzer,  E.  J.  Yoder,  and  J.  R. 
Shepard 

Book  Two  Glacial  Patterns 
Book  Three  Alluvial  Patterns 

Book  Three  (Second  Edition)  Hater  Deposited  Materials 

Book  Four  Miscellaneous  Patterns 

Book  Five  Hind  Deposited  Soils 

Book  Six  Residual  Materials  (in  2 parts) 

Supplement  No.  1 Prepared  by  R.  D.  Miles  and  R.  D. 
leighty 

Suppleaent  No.  2 Glacial  Deposited  Materials,  prepared 
by  R.  D.  Miles  and  D.  G.  Shurig 

U.  S.  Forest  Service 

The  Devtlopaent  of  Methods  for  Predicting  Soil  Moisture 
Content 

Progress  Report  I 

Volume  I,  b>  E.  J.  Dortignac  and  H.:  H.  Lull 
Volume  II,  by  E.  J.  Dortignac  and  H.  H.  Lull 
Progress  Report  II 

Purdue  University,  Engineering  Experiment  Station 

Effect  of  Soil  Moisture  and  Other  Natural  Variables  on 
Aerial  Photo  Gray  Totu ; 

Cornell  University 

An  Environmental  Anal"sis  of  the  Fort  Churchill, 
Manitoba,  Region,  b;  T.  A.  Cheney  and  D.  K.  B.  Beckel 

Text  I 

Text  II 

Folio 

Hilson,  Nuttall,  Raimond  Engineers,  Inc. 

Vehicle  Mobility  Research:-  A Preliminary  Review  of 
Major  Accomplishments  and  Current  Activities  in  the 
Field,  by  C.  J.,  Nuttall 

Vehicle  Mobility  Research,  1956:-  A Review  ar.'1  a 
Suggested  Program,  by  C.  J.-  Nuttall 


AD  Number 
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Contract  Reports 


Number 


4-20 


3-22 


3-33 


3-38 


4-96 


4-100 


3-108 


3-112 


3-114 


Date 


Sep  1956 


1957 


Sep  1964 


Oct  1959 


Jan  1963 

Jan  1965 
Mar  1964 

Nov  1953 

May  1965 


Mar  1965 
Mar  1965 


Contractor  and  Title  of  Report AD  Number 

Purdue  University 

Techniques  for  Predicting  Soil  Trafficability  Informa- 
tion from  Aerial  Photographs,  by  R.  D.  Miles 

U.  S.  Geological  Survey.  Military  Geology  Branch 

Terrain  Study  of  the  Army  Test  Area,  Fort  Greely,  Alaska 

Volume  1 Text,  by  G.  W.  Holmes  and  W.  S.  Benmnghoff 

Volume  2 Maps 

FMC  Corporation,  Ordnance  Engineering  Division 

A Research  Study  Concerning  the  Application  of  a 
Fourier  Series  Description  to  Terrain  Geometries 
Associated  with  Ground  Mobility  and  Ride  Dynamics 
Phase  I:-  Terrain  and  Vehicle  Models 

University  of  Illinois 

Report  on  Survey  of  Literature  in  Connection  with  the 
Dynamic  Bearing  Capacity  of  Soils,  by  Narbey 
Khachaturian 

Texas  Instruments  Incorporated 

Phase  1 System  Analysis  for  a Waterways  Experiment 
Station  Terrain  Analysis  Radar  (Project 
WESTAR) ; Final  Report 

Phase  II  System  Implementation,  Waterways  Experiment  AD  465  402 
Station  Terrain  Analysis  Radar  (Project 
WESTAR);  Final  Report  and  Engineering  Hand- 
book 

Phase  III  Analysis  of  Results,  Waterways  Experiment  AD  465  403 

Station  Terrain  Analysis  Radar  (Project 
WESTAR);  Final  Report 

Find  Report  Waterways  Experiment  Station  Terrain 
Analysis  Gamma  (Project  WESTAG) 

Purdue  University 

Statistical  Analyses  of  Trafficability  Data,  by  Paul 
Irick 

Wilson,  Nuttall,  Raimond  Engineers,  Inc. 

Observing,  Analyzing,  and  Forecasting  the  State  of  the  AD  616  616 
Ground,  by  W.  C.  Grenke 

Chrysler  Corporation 

A Study  of  the  Vehicle  Ride  Dynamics  Aspect  of  Ground 
Mobility:- 

Vol.  I Summary,  by  B.  D.  Van  Deusen  AD  467  024 

Vol . II  Human  Response  to  Vehicle  Vibration,  by  AD  467  025 

B.  D.  Van  Deusen 
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Contract  Reports 


Number 

3-114 

(Cont) 


3-118 

3-119 

3-120 

3-130 

3-143 

3-152 

3-1S3 

3-154 

3-1SS 

3-162 

3-176 


Date 

Apr  1965 
Apr  1965 


Aug  lPoS 

Nov  1964- 
Jun  1965 

Mar  196S 
Dec  196S 

Jan  1965 

Jul  1966 


Feb  1966 


Jun  1966 


Feb  1966 


May  1967 


Aug  1967 


Contractor  and  Title  of  Report AD  Number 

Vol.  Ill  Theoretical  Dynamics  Aspects  of  Vehicle  AD  467  026 

Systeas,  by  B.  D.  Van  Deusen 

Vol.  IV  Field  Measurements,  by  B.  D.  Van  Deusen  and  AD  <67  077 
C.  H.  Hoppe 

!J.  S.  Army  Engineer  Ohio  River  Division  Laboratories 

Photoeltstic  Studies  for  Vehicle  Mobility  Research,  by  AD  621  221 

F.  M.  Nelli'iger,  J.  H.  Hubbard,  and  R.  L.  Peters 

Wilson,  N.ittall,  Raiaond  Engineers,  Inc. 

Suaaary  of  Trafficability  Tests  Through  1963  (in 
11  volumes.) 

At.  Exploratory  Study  of  the  Effects  of  Terrain  Surface 
Obstacles  on  Vehicle  Perforaance;  Final  Draft,  by 

G.  T.  Cohron  and  R.  A.  Werner 


A Oiaensionless  Consolidation  of  WES  Data  on  '.-.e  Per-  AD  626  993 
foraance  of  Sand  Under  Tire  LoeJs,  by  C.  J.  K <ttall 

U.  S.  Aray  Tank  Automotive  Center,  Land  Locomotion  lab. 

Mobility  Environmental  Research  Study  Or, e-Pass  Program,  AD  467  165 
by  P.  W.  Haley 

Wilson,  Nuttall,  Raiaond  Engineers,  Inc. 

One-Pass  Perforaance  of  Vehicles  on  ; ine-*..rained  Soils,  AD  487  446 
by  C.  J.:  Nuttall,  C.  W.  Wilscn,  and  A.  herner 

U.  S.  Army  Tank  Automotive  Center,  Land  Locomotion  Lab. 

Mobility  Environmental  Research  Study,  Mobility  Testing  AD  800  462 

Procedures,  by  R.  A.  Lis  to..,  T.  Czako,  P.  W.  Haley,  and 

others 


Colorado  State  University 


Instruaentation  for  Veh.rle  Mobility  Testing  in  a 
Tropical  Environment,  by  S.  J.  Clark 

FMC  Corporation  Ordnance  Engineering  Division 

A Computer  Analysis  of  Vehicle  Dynamics  While  Traversing  AD  803  194 
Hard  Surface  Terrain  Profiles 

Wilson,  Nuttftii,  Raimond  Engineers,  i.ic. 

Ground-Crawling:  1966;  The  State-of-the-Art  of  De-  AD  816  577 

signing  Off-Soad  Vehicles,  by  C.  Nuttall 

Geotech,  A Teledyne  Company 

Research,  Development,  and  Prototype  Production  of  an  AD  837  529 
Ultraviolet  Sensing  Soil  Moisture  Meter,  by  J.  5.  Cohen 
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Contract  Reports 


Number 


M-70-1 


Unnum- 

bered 


Unnum- 

bered 


Date 


Contractor  and  Title  of  Report 


Oregon  State  University 

Characterization  of  Water  Tab'.es  in  Oregon  Soils  with 
Reference  to  Trafficabi  lity  :• 

May  1970  Volume  I Data,  by  Larry  Boersma  and  G.  H.  Simonson 

May  1970  Volume  II  Analysis,  by  Larry  Boersma,  G.  H.  Simonson, 

and  D.  G.  Watts 

Florida  State  University 

Jul  1964  A Study  to  Develop  Methods  for  the  Analysis  of  the  Fine 
Structure  of  Sea-Land  Boundary  Zones,  by  R.  E.  Steven- 
son and  others 

Appendix  A:  Photographs 

Appendix  B:‘  Maps  and  Overlays 

Appendix  C:-  Profiles 

Appendix  Ds  Trafficability  Data 

Appendix  E:-  Vegetation  Data 

Appendix  F:-  Vegetation  Data 

Aug  196S  Environmental  Studies  of  Protecteu  Sea-Land 

Boundary  Zones  Along  the  West  Coast  of  Florida,  by 
R.  E.  Stevenson  and  D.  A.  Warn^e 


AD  Number 


AD  870  793 
AD  870  796 
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INDEXES 
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SUBJECT  INDEX 


Accelerated  traffic  tests 
MP  4-769 

Aerial  cone  penetrometers 

TR  3-462-1,  3-462-2,  3-462-3,  3-462-4;  MP  4-300,  4-899 
Aerial  photographs  --  tropical  regions 
TR  3-726-6 

Air  surcharge  pressure 
MP  4-767 

Aircraft  --  ground  flotation 
MP  4-923,  4-948 

Aircraft  landing  areas  (see  also  Helicopter  landing  zones) 

TR  3-790;  IP.  S-70-1 
Aircraft  tires 

TR  M-74-1 ; MP  4-948,  M-73-16 
Airfield  cone  penetrometer 
IR  7 

Airfield  construction 
MP  4-S28 

Airfield  site  selection 
MP  4-19 

Airoll  vehicles  --  mobility 
MP  4-439,  4-S13 
Airphoto  interpretation 

TM  3-331-6;  TR  3-726-2,  3-726-3,  3-726-4,  3-726-5,  3-726-6,  M-70-6; 
MP  4-19;  CR  4-6,  4-20 

Airphoto  interpretation  --  soil  moisture  prediction 
CR  4-12A 

Amphibious  vehicles  --  mobility  (see  also  Bouyant  screw  vehicles  -- 
mobility) 

TR  5-783-D,  3-808;  MP  4-940,  M-70-9 
Articulated  vehicles  --  mobility 
MP  4-282,  4-412 


Beach  trafficability  (see  also  Trafficability  --  coarse  grained  soils) 
TM  3-240-13,  3-240-15,  3-240-17;  MP  4-829,  M-74-5,  M-75-8;  CR  U-7/64, 
U-8/6S 

Bibliographies 
PST I AC  2 

Bibliographies  --  dynamic  bearing  capacity 
CR  3-38 

Buoyant  screw  vehicles  --  mobility 
TR  3-641,  M-70-5 ; MP  4-751 
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Cargo  vehicles  --  mobility 

TR  3-808,  M-70-11-4 ; MP  4-322,  4-940 
Climatological  data 
MP  4-135 

Coarse-grained  soils  --  trafficability  (see  also  Beach  trafficability) 
TM  3-240-4,  3-240-7,  3-240-13,  3-240-15,  3-240-17,  3-240-20; 

MP  4-535,  4-647,  M-75-8 

Computerized  models  --  soil  moisture  prediction 
M?  73-1 

Cone  penetrometers  (see  also  Areal  cone  penetrometers;  Penetrometers; 
Trafficability  test  instiuments) 

TR  3-652-4;  MP  4-462,  M-69-7 
Container  handling  vehicles  --  mobility 
MP  S-72-34 , M-74-5,  M-7S-8 
Craters  --  mobility 

NCG  TR  17;  MP  M-71-4,  M-73-S,  M-73-6,  M-75-3 
Cutting  blades 
MP  M-74-3 


Desert  regions  --  terrain  analogs 
TR  3-588-2 

Desert  regions  --  terrain  analysis 
MP  4-652,  4-687,  4-921;  CR  3-112 
Drawbar  pull  --  field  tests 
TM  3-240-19;  MP  M-70-10 
Dynamic  bearing  capacity  --  bibliographies 
CR  3-38 


Elastic  loop  mobility  system 
TR  M-71-1 , M-74-7 

Electromagnetic  radiation 
MP  4-791 

Environment  bibliography 
PST I AC  2 

Environmental  analysis  --  subarctic  regions 
CR  3-15,  3-22-1/2 

Environmental  analysis  --  ter.  perate  regions 
TR  3-702 

Environmental  analysis  — tropical  regions 
TR  5-625,  3-681,  3-702. 

Environmental  effects 
MP  M-73-15 

Environmental  factors 

TR  5-625,  3-681-1,  3-702 ; CR  3-15 
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Field  tests  --  drawbar  pull 
TM  3-240-19;  MP  M- 70-10 

Field  tests  --  military  vehicles  --  trafficability  (see  also  Mobility 
and  specific  vehicle  type) 

TM  11-9/45,  3-240,  3-240-4,  3-240-6,  3-240-10,  3-240-12,  3-240-13, 
3-240-15,  3-240-17,  3-240-18,  3-414-2,  3-414-3,  3-414-4;  TR  3-609 

3- 656-1,  3-656-2,  3-744-1,  M-70-11-2;  MP  4-282,  4-505,  4-535,  4-556 

4- 621,  4-713.  4-959,  M-69-5-1;  CR  3-143 
Field  tests  --  towed  vehicles  --  trafficability 

TM  3-240-7,  3-240-15,  3-240-17 
Fine  grained  soils  --  trafficability 
TM  3-240-6,  3-240-7,  3-240-10,  3-240-12,  3-240-18;  TR  3-699; 

MP  4-284,  4-441,  4-879,  4-917 
Flexible  pavements  --  stress-strain  relations 
MP  M-69-8 

Flexible  wheels  (see  also  Lunar  roving  vehicles  --  wheels) 

TR  M-71-6,  M-73-5 
Footings 

TR  M-70-14- 1 , M-70-l4-3 

Forestry  vehicles  — mobility  (see  also  Logging  vehicles  --  mobility) 
MP  4-879,  4-Q59 
Freeze-thaw  --  soils 
TM  3-331-7;  MP  3-482 


Gamma  ray  spectrometer 
TR  M-70-14-2;  CR  4-100 
Gamma  rays  --  remote  sensing 

TR  693-3;  MP  4-630,  4-823,  4-986;  CR  4-100 
GOEP.  vehicles  --  mobility 
TR  M-70-3;  MP  4-477 
Ground  flotation  --  aircraft 
MP  4-923,  4-948 


Helicopter  landing  zones 
TR  M-74-1 ; MP  4-528,  4-766 
Helicopters 
MP  M-73-4 

Hydrologic  geometry  factors 

TR  3-726-5,  3-783-D,  M-?0-5,  M-70-12-1/2 
Hydrologic  geometry  factors  --  performance  tests  (vehicles) 
TR  3-783-D,  M-70-5 
Hydrologic  geometry  mapping 
TR  3-726-5,  M-70-12-3 


Infrared  detectors 
MP  4-547 

Infrared  rays  --  remote  sensing 
TR  3-693-1,  3-693-4;  MP  4-547,  4-630 
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Laboratory  tests  --  soil  property  relations 
TM  3-240-1;  TR  3-639,  3-652-1,  3-652-4,  3-732;  MP  4-284 
Land-water  interface 
TR  3-783-D;  MP  4-829;  CR  U-7/64,  U-8/64 
Light  utility  vehicles  --  mobility 
MP  4-743 

Logging  vehicles  --  mobility 
MP  M-69-1 

Lunar  roving  vehicles  --  scale  models 
MP  M-72-3 

Lunar  roving  vehicles  --  wheels 

TR  M-70-2,  M-70-15,  M-71-7,  M-71-10-1,  M-71-10-2,  M-74-7;  MP  M-70-4, 
M-71-3 
Lunar  soils 

TR  M-70-15,  M-71-1,  M-71-1-10-1,  M-71-10-2,  M-74-7 


Meetings  — mobility 

MP  U-8/62,  4-670,  4-702,  4-854,  4-979,  M-75-7 
Meetings  — remote  sensing 
MP  4-791 

Meetings  --  terrain  analysis 
MP  4-791 

Meetings  --  trafficability 
MP  4-594,  4-670,  U-4/67 
Meterological  data 

TM  3-331-1,  3-331-2,  3-331-3;  MP  4-298,  4-338;  CR  3-108 
Microgeometry 

TR  3-790;  MP  M-73-7;  CR  3-33,  3-155 
Microwave:  - remote  sensing 

TR  3-693-5 

Military  vehicles  --  performance  predictions  (see  alsc  Mobility  models) 
TM  3-240-20,  TR  M-70-3,  M-70-4,  M-70-7-1/2,  M-70-10,  M-70-11-2, 
M-70-11-3,  M- 70-11-4,  M-71-4,  M-73-1;  MP  M-69-5-2,  M-70-7, 

M-71-4,  M-71-7,  M-72-2,  M-74-6,  M-75-4 
Military  vehicles  --  reliability 
TR  M-74-3 

Military  vehicles  --  trafficability  --  field  tests  (see  also  Mobility 
and  specific  vehicle  type;  Towed  vehicles  --  trafficability  -- 
field  tests) 

TM  U-9/45 , 3-240,  3-240-4,  3-240-6,  3-240-10,  3-240-12,  3-240-13, 
3-240-15,  3-240-17,  3-240-18,  3-414-2,  3-414-3,  3-414-4;  TR  3-609, 

3- 656-1,  3-656-2,  3-/44-1,  M-70-11-2;  MP  4-282,  4-505,  4-535.  4-556, 

4- 621,  4-713,  4-959,  M-69-5-1;  CR  3-143 
Mobility  --  airoll  vehicles 

MP  4-439,  4-513 

Mobility  --  amphibious  vehicles  (see  also  Mobility  --  bouyant  screw 
vehicles) 

TR  3-783-D,  3-308;  MP  4-940,  M-70-9 
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Mobility  --  articulated  vehicles 
MP  4-282,  4-412 
Mobility  bibliography 
PST I AC  2 

Mobility  --  bouyant  screw  vehicles 
TR  3-641,  M-70-5;  MP  4-751 
Mobility  --  cargo  vehicles 

TR  3-808,  M-70-11-4;  MP  4-322,  4-940 
Mobility  --  container  handling  vehicles 
MP  S-72-34 , M-74-S , M-75-8 
Mobility  --  craters 

NCG  TR  17;  MP  M-71-4,  M-73-5,  M-73-6,  M-75-3 
Mobility  — forestry  vehicles  (see  also  Mobility  --  logging  vehicles) 
MP  4-879,  4-959 
Mobility  — GOER  vehicles 
TR  M-70-3;  MP  4-477 
Mobility  — light  utility  vehicles 
MP  4-743 

Mobility  --  logging  vehicles 
MP  M-69-1 

Mobility  --  meetings 

MP  U-8/62,  4-670,  4-702,  4-854,  *-979,  M-75-7 
Mobility  models 

TR  3-783-B1 , 3-783-B2,  3-783-C,  3-783-D,  3-783-E,  3-783-F,  M-68-1-3, 
M-70-3,  M-70-7-1/2,  M-70-10,  M-71-4,  M-73-1,  S-73-13,  M-74-3; 

MP  M-70-7,  M-71-7,  M-75-7 
Mobility  --  ocean  bottom  vehicles 
TR  M-70-8;  MP  M-69-b 
Mobility  --  overland  terrain 
TR  3-588-1,  3-588-2 
Mobility  --  reconnaissance  vehicles 
MP  U-3/74,  M-74-6 

Mobility  research  laboratories  — Waterways  Experiment  Station 
TR  366-1;  MP  4-404,  M-69-2 

Mobility  --  state  of  the  art  studies  (see  also  Trafficability  --  state 
of  the  art  studies) 

TR  M-71-^;  MP  4-147,  4-241,  U-8/62,  4-623,  4-638,  4-670.  MP  M-69-2; 
CR  4-16,  4-17,  3-119-1 76 
Mobility  --  tanks  (combat  vehicles) 

TR  3-783-C,  M-7C-10;  MP  4-101,  M-75-5 
Mobil it>  — test  procedures 
CF  3-153 

Mobility  --  traccors 
MP  1-917 

Mobility  --  trucks 

TR  3 783-C,  M-68-1-2,  M-68-1-3,  M-68-1-4;  MP  4-438,  M-73-14 
Mobility  --  utility  carriers 
MP  M-69-5-1 , M-69-5-2,  M-70-9 


\ 
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Motion  resistance  (see  also  Soil-wheel  interaction;  Soil-track 
interaction) 

MP  4-828 

Muskeg  --  trafficability 

TM  3-240-2;  TR  3-656-1,  3-656-2,  3-744-1;  MP  4-446,  4-621,  4-743 


Nuclear  methods  (density  and  moisture  content  determination) 
TR  M-70-14-2;  MP  4-117,  S-69-15;  IR  S-74-1 


Obstacle  - wheel  interaction 

TR  M-68-1-1 , M-68-1-1B;  MP  M-68-5,  M-68-7;  CR  3-120 
Obstacles  --  tracked  vehicles 
TR  M-71-1 , M-72-1 
Ocean-bottom  vehicles  --  mobility 
TR  M-70-8 ; MP  M-69-6 
One-pass  performance 
CR  3-143,  3-152 
Overland  terrain  --  mobility 
TR  3-588-1,  3-588-2 


! Penetration  resistance  (soils) 

TR  3-652-5,  3-652-6,  M-70-M-1,  M- 70-14-3;  M”  3-749,  M-69-7,  M-71-2 
Penetrometers  (see  also  Aerial  cone  penetrometers,  Cone  penetrometers; 
Footings;  Soil  strength  test  instruments) 

TR  3-652-3;  MP  4-960,  M-71-1,  M-71-2,  S-72-9 
Performance  predictions  --  military  vehicles  (see  also  Mobility  models) 
TM  3-240-20;  TR  M-70-3,  M-7C-4,  M-70-7-1/2,  M-70-10,  M-70-11-2, 
M-70-11-3,  M-70-11-4 , M-71-4,  M-73-1;  MP  M-69-5-2,  M-70-7,  M-71-4, 
M-71-7,  M-72-2,  M-74-6,  M-75-4 
Performance  predictions  --  tire  performance 
TR  3-652-7,  3-666-2,  3-666-3,  3-666-4,  3-666-5,  3-666-6,  3-666-7, 
3-666-8,  3-670,  3-688,  M-71-8;  MP  4-870,  M-73-16 
Performance  predictions  --  track  performance 
TR  M-71-5-2 

Performance  tests  (vehicles)  --  hydrologic  geometry  factors 
TR  3-783-D,  M-70-5 

Performance  tests  (vehicles)  — surface  composition  factors 
TR  3-783-F 

Performance  tests  (vehicles)  --  surface  geometry  factors 
TR  3-783-C,  M-70-11-3,  M-70-11-4;  CR  3-120 
e Performance  tests  (vehicles)  --  terrain  factors 

1TR  M-70-3 

Performance  tests  (vehicles)  --  vegetation  factors 
TR  3-783-B1 , 3-783- 82,  3-783-E;  MP  M-69-5-2 
Photography  --  remote  sensing  (see  Airphoto  interpretation) 
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Plate  bearing  tests 
TR  3-652-5,  3-652-6,  M-70-1;  MP  3-749 
Pneumatic  tires 

TR  3-516-1,  3-516-2,  3-516-3,  3-545-2,  3-545-4,  3-545-5,  3-652-7, 
3-666-1,  3-666-2,  3-666-3,  3-666-4,  3-666-5,  3-666-6,  3-666-7, 

3- 666-8,  3-670,  3-688,  3-703,  3-729-1,  3-729-2,  M-68-1,  M-68-1-B, 
M-69-2,  M-71-8;  MP  4-230-1,  4-443,  4-469,  4-477,  4-497,  4-629, 

4- 7:*),  4-757,  4-828,  4-835,  4-836,  4-870,  4-940,  4-942,  4-944,  4-948, 
M-6S-1 , M-68-2,  M-68-5,  M-68-7,  M-70-6,  M-73-2,  M-73-16;  CR  3-130 

Pressure  cells  (soils) 

TR  3-545-2,  3-545-3;  MP  4-23G-1 
Pressure  - sinkage  relations 
TR  3-652-2,  M-70-1 
Profilometers 
MP  M-73-7 


Radar  equipment 

CR  4-96-1,  4-96-2,  4-96-3 
Radar  --  remote  sensing 

TR  3-693-2,  3-727;  MP  4-630;  CR  4-96-1,  4-96-2,  4-96-3 
Radio  waves  --  remote  sensing 
MP  4-822 

Reconnaissance  vehicles  --  mobility 
MP  U-3/74,  M-74-6 
Reference  test  areas 
MP  4-921 

Reliability  --  military  vehicles 
TR  M-74-3 

Remote  sensing  --  gamma  rays 
TR  3-693-3;  MP  4-630,  4-823,  4-986;  CR  4-100 
Remote  sensing  --  infrared  rays 

TR  3-693-1,  3-693-4;  MP  4-547,  4-630 
Remote  sensing  --  meetings 
MP  4-791 

Remote  sensing  --  mic  owaves 
TR  3-693-5 

Remote  sensing  --  photography  (see  Airphoto  interpretation) 

Remote  sensing  --  radar 

TR  3-693-2,  3-727;  MP  4-630;  CR  4-96-1,  4-96-2,  4-96-3 
Remote  sensing  — radio  waves 
MP  4-822 

Remote  sensing  --  soil  moisture  prediction 

TR  3-727;  CR  4-96-3,  4-100 

Rice  fields 

TR  3-702;  MP  4-602 
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Ride  dynamics 

TR  M-68-1-1 , M-68-1-1B,  M-68-1-2,  M-68-1-3,  M-68-1-4,  M-70-11-4, 
M-72-1,  M-73-5;  MP  4-893,  M-68-5,  M-68-7,  M-73-14,  M-74-6,  M-75-5, 
M-75-7;  CR  3-33,  3-114-1/4,  3-155 
Rigid  wheels 

TR  3-565-1,  3-670,  3-729-2,  M-68-2,  S-74-7;  MP  4-828,  M-70-8 
Road  capability  models 
TR  S-73-13 


Scale  models  — lunar  roving  vehicles 
MP  M-72-3 

Short  takeoff  and  landing  aircraft 
TR  3-790 

Slope  performance 

TM  3-240-8,  3-240-17;  TR  M-71-6;  MP  4-535,  M-70-9 
Snow  strength 
MP  M-70-2 

Snow  --  trafficability 

TM  3-414-1,  3-414-2,  3-414-3,  3-414-4;  MP  4-282,  4-513,  4-713 
Soil  builduo  (vehicles) 

MP  4-940 

Soil  classification 
CR  4-100 

Soil  cutting  (see  Cutting  blades) 

Soil  data  (see  also  Trafficability  data) 

TM  3-331-1,  3-331-2,  3-331-3,  3-331-4,  3-331-5;  MP  4-135 
Soil  density 
MP  4-2S4 

Soil  density  measuring  devices  (see  also  Nuclear  methods) 

TR  M-70-14-2;  MP  M-71-1 
Soil  moisture 
MP  4-73,  4-284 

Soil  moisture  measuring  devices  (see  also  Nuclear  methods) 

MP  4-571;  CR  3-176 

Soil  moisture  prediction  --  airphoto  interpretation 
CR  4-12A 

Soil  moisture  prediction  --  computerized  models 
MP  73-1 

Soil  moisture  prediction  — remote  sensing 
TR  3-727;  CR  4-96-3,  4-100 
Soil  moisture  prediction  — subarctic  regions 
MP  4-135,  3-482 

Soil  moisture  prediction  --  temperate  regions 

TM  3-331-1,  3-331-2,  3-331-3,  3-331-4,  3-331-5,  3-331-9;  MP  4-338, 

3- 482;  CR  4-8-1,  4-8-2 

Soil  moisture  prediction  — tropical  regions 

MP  4-355-1,  4-355-2,  4-355-3,  4-355-4,  4-355-5,  4-355-6,  4-355-7, 

4- 355-8 
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Soil  penetration  tests 

TR  3-652-3,  3-o52-4,  3-652-5,  3-652-6,  M-70-14-1,  M-70-14-3; 

MP  3-749,  4-960,  M-69-7,  M-71-1,  M-71-2 
Soil  property  relations 

TM  3-331-10;  TR  3-791-1;  MP  4-298,  4-338,  4-838;  CR  3-108 
Soil  property  relations  --  laboratory  tests 
TM  3-240-1;  TR  3-639,  3-652-1,  3-652-4,  3-732;  MP  4-284,  4-457,  4-961 
Soil  property  variations 

TM  3-331-8,  3-732;  MP  3-749,  4-838,  4-961;  CR  3-108 
Soil  samplers 
MP  4-371 
Soil  sampling 
MP  4-949 

Soil  stabilization 
MP  M-75-8 

Soil  strength  (see  also  surface  soil  strength) 

MP  4-238,  4-284,  4-327,  4-350,  3-428,  4-442,  4-446,  4-647,  4-950, 
M-70-2,  S-70-25;  CR  3-38 
Soil  strength  maps 
MP  M-70-2 

Soil  strength  prediction 
TM  3-331-10;  MP  M-73-1 
Soil  strength  relations 
TR  3-657-3;  MP  4-300 

Soil  strength  test  instruments  (see  Cone  penetrometers;  Penetrometers; 
Trafficability  test  instruments) 

TM  3-240-19;  TR  3-639,  3-652-1,  3-656-1;  MP  4-327,  4-350,  M-70-10, 
M-72-5,  S-72-9 

Soil  strength  --  unsurfaced  airfields 

TR  3-554;  MP  4-365,  4-394,  4-769,  S-70-14,  S-70-24;  IR  S-70-1 
Soil-track  interaction 

TR  M-71-1,  M-71-5-1 , M-71-5-2;  MP  4-322,  4-651,  M-74-1 
Soil-vehicle  interaction 
MP  4-362;  CR  3-143 
Soil -wheel  interaction 

TR  3-565-1,  3-652-7,  3-666-1,  3-666-2,  3-666-3,  3-666-4,  3-666-5, 

3- 666-6,  3-666-7,  3-666-8,  3-670,  3-688,  3-703,  3-729-1,  3-729-2, 
M-68-2,  M-70-2,  M-70-15,  M-71-6,  M-71-7,  M-71-8,  M-71-10-1,  M-71-10-2, 
M-74-1 , S-74-7,  M-75-1 ; MP  4-443,  4-626,  4-651,  4-757,  4-758,  4-828, 

4- 835,  4-836,  4-870,  4-940,  4-944,  M-68-1,  M-68-2,  M-68-6,  M-68-8, 
M-69-4,  M-70-4 , M-70-8,  M-70-10,  M-71-3,  M-73-2,  M-73-16;  CR  3-130 

Soils  --  freeze-thaw 
TM  3-331-7;  MP  3-482 
State  of  the  art  studies  --  mobility 
TR  M-71-4 ; MP  4-147,  4-241,  U-8/S2,  4-623,  t-638,  4-670;  MP  M-69-2; 

CR  4-16,  4-17,  3-119-1/6 
State  of  the  art  studies  --  trafficability 
TM  3-240-5,  3-240-14,  3-414-1,  M-71-5-1;  MP  4-241,  4-441,  4-638, 

4-670,  U-4/67 ; CR  3-119-1/6 
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State  of  the  ground 
CR  3-112 

Stream  crossings 
TR  M-70-5 , M-70-12-1 

Stress-strain  relations  — flexible  pavements 
MP  M-69-8 

Stress-strain  relations  (soils) 

TR  3-652-2 ; MP  M-68-6,  M-68-8 

Stresses  under  tracks  (see  also  Soil-track  interaction) 

TR  3-545-3;  MP  4-463 

Stresses  under  vehicles 
MP  4-362 

Stresses  under  wheels  (see  also  Soil-wheel  interaction) 

TR  3-545-2,  3-545-4,  3-545-5,  3-565-1,  M-68-2,  M-69-2,  S-74-7; 
MP  4-230-1,  4-463,  4-469,  4-497,  4-629,  M-68-6,  M-68-8,  M-70-6; 
CR  3-118 

Subarctic  regions  --  environmental  analysis 
CR  3-15,  3-22-1/2 

Subarctic  regions  — soil  moisture  prediction 
MP  4-135,  3-482 

Subarctic  regions  --  terrain  analysis 
MP  3-861 

Surface  composition  factors 
TR  3-726-2 

Surface  composition  factors  --  performance  tests  (vehicles) 

TR  3-783-F 

Surface  composition  mapping 
TR  3-726-2 

Surface  geometry  factors 
TR  3-726-3 

Surface  geometry  factors  --  performance  tests  (vehicles) 

TR  3-783-C,  M-70-11-3,  M-70-11-4;  CR  3-120 

Surface  geometry  mapping 
TR  3-726-3 

Surface  soil  strength  (see  also  Soil  strength) 

TM  3-240-19;  MP  M-70-10,  M-72  5 

Surface  water 
TR  3-727 

Synthalogous  environment 
TR  M-70-7-1/2 

Synthetic  soils 
MP  M-71-5 


Tanks  (co:..bat  vehicles)  --  mobility 
TR  3-783-C,  M-70-10;  MP  4-101,  M-75-5 
Temperate  regions  --  environmental  analysis 
TR  3-702 
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Temperate  regions  soil  moisture  prediction 

TM  3-331-1,  3-331-2,  3-331-3,  3-331-4,  3-331-5,  3-331-9;  MP  4-338, 
3-482;  CR  4-8-1,  4-8-2 
Temperate  regions  --  terrain  analysis 

TR  3-808,  M-70-6,  M-70-7-1/2;  MP  4-528,  4-726,  U-3/74,  M-74-8,  M-75-4 
Terra-tires 

MP  4-940,  4-942 
Terrain  analogs 

TR  3-7C2,  3-808;  MP  4-829,  U-3/74,  M-74-8 
Terrain  analogs  — desert  regions 
TR  3-S°'’-2 
Terrain  analysis 

MP  4-652,  4-687,  4-921;  CR  3-112 
Terrain  analysis  — desert  regions 

TR  3-588-1,  3-588-2,  M-70-7  1/2,  M-75-4 
Terrain  analysis  --  meetings 
MP  4-791 

Terrain  analysis  --  subarctic  regions 
MP  3-861 

Terrain  analysis  --  temperate  regions 

TR  2-808,  M-70-6,  M-70-7-1/2;  MP  4-528,  4-726,  U-3/74,  M-74-8,  M-75-4 
Terrain  analysis  — tropical  regions 

TR  3-609,  3-726-1,  3-726-2,  3-726-3,  3-726-4,  3-726-5,  3-726-6, 

3- 726-7,  3-726-8,  3-791-1,  3-808,  M-70-7-1/2;  MP  4-556,  M-69-5-1 
Terrain  classification 

TR  5-625,  3-726-1,  M-70-6;  MP  4-444,  3-592,  4-652,  3-861 
Terrain  data  (see  Soil  data;  Trafficability  data) 

Terrain  factor  maps 

TR  3-588-1,  3-726-1,  3-726-7,  3-726-8;  M-70-6,  M-70-12-3;  MP  M-70-7, 
M-72-6,  U-3/74,  M-74-8 
Terrain  factors 

TR  M-70-4 , M-70-7-1/2,  M-70-10;  MP  4-444,  3-592,  4-602,  4-652,  4-726, 

4- 829,  4-921 

Terrain  factors  — performance  tests  (vehicles) 

TR  M-70-3 
Terrain  mapping 

TR  3-726-7,  M-70-6;  MP  4-444,  4-687,  4-726,  3-861 
Terrain  models  (analytical) 

TR  M-70-12-1;  MP  M-75-7 
Terrastar  locomotion  concept 
MP  M-68-4,  M-69-4 
Test  plans  --  trafficability 
IR  U-10/61 , U-l/62 
Test  procedures  — mobility 
CR  3-153 
Thesauri 
PSTIAC  1 
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Tire  deflection  (see  also  Soil-wheel  interaction) 

TR  3-516-1,  3-516-2,  3-516-3,  3-545-4,  3-545-5;  MP  4-497,  4-750, 
M-08-5 

Tire  performance  --  performance  predictions 

TR  3-652-7,  3-666-2,  3-666-3,  3-666-4,  3-666-5,  3-666-C,  3-666-7, 

7-. .66-8,  3-670,  3-688,  M-71-8;  MP  4-870,  M-73-16 
Vires,  pneumatic  (see  Pneumatic  tires) 

Tire  test  eouipment 
TR  3-516  2 

Tire  tests  (see  Soil-wheel  interaction;  Tire  performance  — performance 
predictions'. 

Tire  tread  patterns 
MP  4-942,  M-70-9 

Towed  vehicles  --  trafficability  — field  tests 
TM  3-240-7,  3-240-15,  3-240-17 
Towed  wheels 
MP  4-626 

Track  performance  --  performance  predictions 
TR  M-71-5-2 

Tracked  vehicles  --  obstacles 
TR  M-71-1 , M-72-1 
Traction  devices 
MP  4-322 

Tractors  --  mobility 
MP  4-917 

Traffic  tests  (see  also  Accelerated  traffic  tests) 

MP  4-365,  4-394 
Trafficability  bibliography 
PSTIAC  2 

Trafficability  classification 

TM  3-240-11,  3-240-14,  3-240-16,  3-240-20;  TR  3-753;  MP  4-442,  4-461 
Trafficability  --  coarse  grained  soils  (see  also  Beach  trafficability) 
TM  3-240-4,  3-240-7,  3-240-13,  3-240-15,  3-240-17,  3-240-20; 

MP  4-535,  4-647,  M-75-8 
Trafficability  data  (see  also  Soil  data) 

TM  3-240-5,  3-240-16;  TR  3-753,  3-791-2;  MP  4-298,  4-447,  4-505, 
4-602;  CR  3-108 

Trafficability  --  field  tests  — military  vehicles  (see  also  Mobility 
and  specific  vehicle  type) 

TM  U-9/45,  3-240,  3-240-4,  3-240-6,  3-2^0-10,  3-24C-12,  3-240-13, 
3-240-15,  3-240-17,  3-240-18,  3-414-2,  3-414-3,  3-414-4;  TR  3-609, 

3- 656-1,  3-656-2,  3-744-1,  M-70-11-2;  MP  4-282,  4-505,  4-535, 

4- 556,  4-621,  4-713,  4-959,  M-69-5-1;  CR  3-143 
Trafficability  — field  tests  — towed  vehicles 

TM  3-240-7,  3-240-15,  3-240-17 
Trafficability  --  fine  grained  soils 

TM  3-240-6,  3-240-7,  3-240-10,  3-240-1 2,  3-240-18;  TR  3-639; 

MP  4-284,  4-441,  4-879,  4-917 
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Trafficability  mapping 

TM  3-240-14;  MP  4-19,  4-461 
Trafficability  maps 
MP  4-101 

Trafficability  --  meetings 
MP  4-594,  4-670,  U-4/67 
Trafficability  --  muskeg 

TM  3-240-2;  TR  3-656-1,  3-656-2,  3-744-1;  MP  4-446,  4-621,  4-743 
Trafficability  prediction  (see  also  boil  moisture  prediction;  Soil 
strength  prediction;  Water  table  prediction) 

TM  3-240-14,  3-331-6,  3-331-7;  TR  3-791-1;  MP  U-4/67;  CR  4-6,  4-20 
Trafficability  --  snow 

TM  3-414-1,  3-414-2,  3-414-3,  3-414-4;  MP  4-282,  4-513,  4-713 
Trafficability  — state  of  the  art  studies  (see  also  Mobility  --  state 
of  the  art  studies) 

TM  3-240-5,  3-240-14,  3-414-1,  M-71-5-1;  MP  4-241,  4-441,  4-638, 
4-670,  U-4/67;  CR  3-119-1/6 
Trafficability  test  instruments 

TM  3-240-3,  3-240-13;  MP  4-441,  4-463 
Trafficability  --  test  plans 
IR  U-10/61 , U-l/62 
Transportation 
MP  M-73-15 

Tropical  regions  --  aerial  photographs 
TR  3-726-6 

Tropical  regions  --  environmental  analysis 
TR  5-625,  3-681-1,  3-702 
Tropical  regions  --  soil  moisture  prediction 

MP  4-355-1,  4-355-2,  4-355-3,  4-355-4,  4-355-5,  4-355-6,  4-355-7, 
4-355-8 

Tropical  regions  --  terrain  analysis 

TR  3-609,  3-726-1,  3-726-2,  3-726-3,  3-726-4,  3-726-5,  3-726-6, 
3-726-7,  3-726-8,  3-791-1,  3-808,  M-70-7-1/2;  MP  4-556,  M-69-5-1 
Trucks  --  mobility 

IR  3-783-C,  M-68-1-2,  M-68-1-3,  M-68-1-4;  MP  4-438,  M-73-14 
Twin  wheels 
TR  M-71-8 


Unsurfaced  airfields  --  soil  strength 

TR  3-554;  MP  4-365,  4-394,  4-769,  S-70-24;  IR  S-70-1 
Unsurfaced  roads 
MP  M-74-7 

Unsurfaced  runway  performance  and  evaluation 
MP  4-365,  M-73-7 
Utility  carriers  --  mobility 
MP  M-69-5-1,  M-69-5-2,  M-70-9 


45 


Vegetation  factors 
TR  3-726-4 

Vegetation  factors  --  performance  tests  (vehicles) 

TR  3-783-B1,  3-783-B2,  3-783-E;  MP  M-69-5-2 
Vegetation  mapping 
TR  3-726-4 
Vehicle  classes 
TM  3-240-9 
Vehicle  cone  index 

TM  3-240-18;  MP  M-73-4 
Vehicle  design 

TR  M-70-11-2;  MP  4-702,  4-854,  4-979,  M-72-2;  CR  3-162 
Vehicle  test  instruments 
TR  3-783-A;  CR  3-154 
Visibility 
TR  3-783-E 


Walking  speed 
MP  4-950 
War  games 
MP  M-75-4 

Water  content  determination  (soils) 

MP  4-73 

Water  table  prediction 

TM  3-331-9;  CR  M-70-1-1,  M-70-1-2 
Waterways  Experiment  Station  --  mobility  research  laboratories 
TR  3-666-1;  MP  4-404,  M-69-2 
Wheeled-tracked  vehicles 
MP  M-74-1 

Wheels  --  lunar  roving  vehicles 
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II.  ABSTRACT 

This  report  describes  tests  conducted  with  self-propelled  vehicles  on  natural 
soil  conditions  at  sites  near  Vicksburg,  Hiss.,  near  Laurel,  Hiss,,  and  at  Fort 
Knox,  Ky.,  during  1949  and  1950.  Only  fine-grained  soils  were  included  in  these 
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tions apply  to  natural  soil  conditions,  or  whether  a wide  program  of  tests  on 
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concerning  the  effects  of  traffic  on  the  strength  of  natural  soils.  A des- 
criptive account  of  the  testing  program  and  the  test  data  obtained,  and  an 
analysis  of  the  results  are  presented  in  this  report. 
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The  purpose  of  this  study  was  to  produce  means  of  estimating  the  trafficability 
of  soils  according  to  their  identification  in  the  Unified  Soil  Classification 
System  described  in  Waterways  Experiment  Station  Technical  Memorandum  No.  3-357, 
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ii.  abstract 

The  tests  described  in  this  report  were  conducted  with  several  self-propelled 
vehicles  without  tow  loads  on  natural  fine-grained  soils  at  a number  of  sites 
during  the  years  1951,  1952,  and  1953.  Similar  tests  conducted  in  1949  and  1950 
with  only  two  vehicles  on  natural  fine-grained  soils,  having  plasticity  indexes 
less  than  about  20  or  greater  "-nan  about  38,  had  permitted  the  development  of 
instruments  and  techniques  for  .leasuring  the  trafficability  of  a fine-grained 
soil  and  predicting  the  performs  ice  of  a vehicle  on  it.  The  purpose  of.  the 
tests  reported  herein  was  to  verify  the  soil  parameter-vehicle  performance 
relations  previously  established,  by  additional  testing  with  other  vehicles  on 
a wider  range  of  soils.  The  integrity  of  formulas  for  computing  vehicle  cone 
indexes,  the  minimum  soil  strength  required  for  the  operation  of  vehicles,  was 
also  verified. 
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This  is  an  account  of  the  first  major  attempt  by  the  Waterways  Experiment  Station 
to  correlate  vehicle  performance  with  measured  properties  of  coarse-grained  soils. 
Purpose  of  field  testing  was  (a)  to  become  intimate  with  mobility  problems  on 
coarse-grained  soils  and  (b)  to  determine  whether  instruments  and  techniques  that 
had  been  successful  for  defining  trafficability  of  fine-grained  soils  would  also 
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about  8S  percent  accuracy.  'Of  the  four  instruments,  the  cone  penetrometer  is 
selected  for  future  studies  because  of  its  ability  to  determine  subsurface  con- 
ditions and  because  it  also  is  use.d  for  fine-grained  soils. 
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IS  AOSTRACT 

The  trafficability  factors,  bearing  and  traction  capacity,  are  functions  of  shear- 
ing strength.,  A simple  instrument,  the  cone  peneti’ometer,  measures  an  index  of 
shear  strength.  Cor.c  indexes  on  fine-grained  soils  and  sands  with  fines,  poorly 
drained,  are  related  to  vehicle  performance,  but  an  auxiliary  test,  remolding, 
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traffic.  Slippcrincos  and  stickiness  cannot  lac  measured,  but  can  be  anticipated 
approximately  from  simple  soil  tests.  Tests  with  w heeled  vehicles  on  sands 
showed  fair  correlation  between  maximum  slope  and  cone  index  with  tire  pressure 
duly  considered.  Means  are  presented  for:  classifying  soils  from  the  traffic- 

ability  standpoint;  computing  cor.e  index  required  for  any  military  vehicles; 
quickly  estimating  maximum  slopes  vehicles  car.  climb,  maxinum  tow  loads,  and 
towing  forces  required  on  various  soil  strengths;  making  actual  trafficability 
measurements  and  mapping  them  for  strategic  and  tactical  purposes;  and  for 
estimating  trafficability  ’without  contact  with  the  soil,  I 
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II.  ABSTRACT 

Self-propelled,  towing,  and  towed  tests  of  several  military  vehicles  were  conducted 
on  coarse-grained  soils  to  correlate  vehicle  performance  with  strength  (cone  inde>3 
and  moisture  condition  of  the  soil,  and  vehicle  characteristics.  Vehicle  per- 
formance for  self-propelled  vehicles  is  expressed  in  terms  of  immobilizations 
and  nonimmobilizations  ano  ability  to  pull  drawbar  loads;  for  towed  vehicles,  in 
terms  of  towing-forcc  requirements.  Single  self-propelled  wheeled  vehicles  were 
tested  on  undisturbed  coral  and  volcanic  sands  on  Pacific  islands,  and  on  quartz 
sand  (desert  and  beach)  in  the  United  States.  Towing  tests  were  conducted  on 
harrowed  sand  at  Yur.a,  Ariz^  towod-vohicle  tests  were  conducted  on  disturbed  and 
undisturbed  sand  at  Camp  Lejeunc,  N.  C.  Principal  conclusions  are:  (a)  per- 

formance of  single  self-propelled  vehicles  can  be  expressed  in  cone  index-slope 
climbing  ability  terras;  (b)  wet  sands  are  more  trafficablc  than  dry-to-noist  sands; 
(c)  towing  ability  on  harrowed  sand  slopes  can  be  computed  with  reasonable  ac- 
curacy from  measurements  obtained  on  level  harrowed  sand;  and  (d)  towing-forcc 
requirements  of  wheeled  trailers  can  be  correlated  with  cone  index  and  tire 
pressure. 
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U-  ABSTRACT 


A statistical  analysis  was  made  of  soil  strength  (cone  index,  remolding  index, 
and  rating  cone  index),  soil  moisture,  dry  density,  and  percent  saturation  for 
soils  classified  according  to  the  Unified  Soil  Classification  System  (USCS)  ar.d 
U.  S.  Department  of  Agriculture  (USDA)  classification  system.  Data  were  obtained 
during  wet-season  periods  from  more  than  1300  sites  located  principally  in  humid, 
temperate  regions  of  the  United  States.  Soils  of  high-  and  low-topography 
positions  were  analyzed  for  average  and  high-moisture  conditions  in  thc.wct  sea- 
son. The  information  was  used  to  improve  an  existing  scheme  for  classifying  soils 
according  to  their  trafficability . A comparison  of  USCS  and  USDA  soil  types  was 
made  for  the  6-  to  12-in.  layer  of  soils,  and  a study  was  made  to  compare  the  type 
of  soil  in  the  0-  to  6-in.  layer  with  the  type  in  the  6-  to  12-in,  layer  of  the 
profile,  in  USDA  terms.  Two  appendices  describe  data  sources  and  test  procedures. 
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is  ABSTRACT 


Standard  trafficability  and  special  tests  with  21  military  vehicles  were  con- 
ducted on  coarse-grained  soli  a.  Areas  of  investigation  included;  (a)  the 
correlation  of  slopc-clinbing  anu  tewing -force  data;  (b)  effects  of  tire  size, 
traction  devices,  tire  trends,  and  wheel  load;  (c)  vehicle  perfori'.ance  on  "honey- 
comb" sand;  and  fd)  trafficability  of  gravel  beaches.  Self-propelled  wheeled 
and  tracked  vehicles  and  one  towed  vcfrclc  were  tested  at  five  locations  in  the 
United  States  and  Trance.  Principal  conclusions  -.ere:  (a)  maximum  towing  force 

of  self-propelled  wheeled  vehicles  on  level  sand  was  about  2 percent  greater  than 
maximum  slope  negotiable;  (b)  vehicle  performance  increased  with  decreases  in 
ground-contact  pressure;  (c)  vehicle  performance  was  better  with  smooth  tires 
than  with  treaded  tires  or  the  traction  device  tested;  and  (d)  vehicle  perform- 
ance on  wet  sand  that  tended  to  liquefy  under  the  vehicle  load  (honeycomb  sand) 
was  similar  to  that  or.  fine-grained  soils. 


REWORDS:  Beach  trafficability;  Coarse  grained  soils;  Field  tests;  Military 

vehicles;  Self  propelled  vehicles;  Slope  performance;  Tires;'  Towed 
vehicles;  Traction  devices;  Trafficability; [France] 
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In  1955,  formulas  for  computing  mobility  indexes  (til)  and  converting  them  to  vehicle 
cone  indexes  (VCl),  or  minim’im  soil  strength  required  for  50-pass  go-no  go,  for  current 
military  wheeled  and  tracked  vehicles  were  reported.  Subsequent  trafficability  tests 
with  vehicles  having  const ruction- equipment- type  tires  showed  that  the  computed  VCI  did 
not  agree  closely  with  test  results.  To  obtain  data  to  determine  whether  the  El  for- 
mula for  self-propelled  wheeled  vehicles  needed  modification,  field  tests  were  run  with 
small  vehicles  equipped  with  large,  high- flotation  tires,  very  large  vehicles  with  very 
heavy  wheel  loads,  and  a few  conventional  vehicles.  Main  test  purposes  were  to  obtain 
data  to  determine  experimentally  50-pass  VCI  for  some  untested  vehicles  and  from  these 
and  other  test  results  develop  an  Kt  formula  '’or  a wide  range  of  vehicle  weights  and 
tire  sizes.  Although  only  16  vehicles  were  tested,  VCI’s  were  determined  for  20  vehi- 
cle "types."  To  determine  if  VCI  prediction  could  be  improved,  a statistical  analysis 
was  made  on  both  the  original  and  revised  MI  formulas  using  a multiple  linear  regression 
technique.  General  conclusions  are  that  considerable  improvement  can  be  made  in  the 
original  formula  merely  by  using  the  multiple  regression  equation;  further  improvements 
can  be  made  by  using  the  revised  formula;  use  of  the  revised  multiple  regression  for- 
mula provides  only  slight  improvement  over  use  of  the  revised  formula.  Thus,  it  is 
suggested  that  the  revised  formula  be  adopted.  Appendix  A gi\ 's  the  original  and  .-e- 
vised  Ml  formulas  and  conpar~q  computed  VCI's  for  sc  -e  standaru  and  experimental  vehi- 
cles using  the  two  formulas.  Appendix  B is  a detailed  analysis  and  evaluation  of  the 
original  and  revised  MI  formula  factors  by  the  multiple  linear  regression  technique. 
KEYWORDS;  Field  tests;  Fine  grained  soils;  Military  vehicles;  Self  propelled  voir 
Trafficability;  Vehicle  cone  index 
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U.  3 Army  Materiel  Command 
Washington,  D.  C. 


' A *T**1’  Tests  were  conducted  with  one  wheeled  vehicle  to  determine  effects  of  soil 
surface  conditions  on  drawbar  pui 1 and  to  relate  optimum  drawbar  pull  to  soil  strength 
as  measured  by  a number  of  instruments.  One  hundred  and  six  diawbar  pull-slip  tests 
were  conducted  with  an  M37  3A*ton  truck  at  a gross  weight  of  72t0  lb.  One  tire  size 
(9.UO-16,  8-PR) , two  tread  patterns  (smooth  and  nondirectional  military),  and  two  tire 
deflections  ( l^i  and  35)0  were  tested.  Surface  conditions  varied  from  dry  and  firm  to 
wetted  with  small  amounts  of  water  to  flooded.  Asphalt  surfaces  also  w*re  tested. 
Measurements  of  soil  strength  were  made  with  the  standard  cone  penetrometer,  multiprobe 
penetrometer,  sheargraph,  soil  truss,  and  friction  wheel.  Analysis  of  date  indicated 
that  the  multiprobe  penetrometer  and  sheargraph  show  the  most  promise  as  instruments  for 
measuring  surface  conditions  and  predicting  vehicle  performance.  Equations  were 
developed  for  predicting  drawbar  pull  baseu  on  deflection  ana  soil  measurements 
with  the  sheargraph  and  multiprobe-  penetrometer. 


IfFYWORDS:  Drawbar  pull;  Field  test 3;  Soil  strength  test  instruments; 

Surface  soil  strength;  Trafficability;  Wheeled  vehicles; 
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12  SPONSORING  MILITARY  ACTIVITY 

U.:  S.  Army  Materiel  Command 

Washington,  D.  C. 

I)  ABSTRACT 


This  rejort  presents  techniques  for  estimating  vehicle  performance  capabilities  in  coarse-grained  soils 
{clean  sands)  and  a scheme  for  class,  fymg  dry-to-coist  sands  lor  traf  ficabiiity  purposes.  Earlier  test 
programs  showed  a need  for  separation  of  sand  into  two  categories  vet  sand  and  dry-to-moist  sand.  Dry- 
to-moist  sands  only  are  presented  in  this  report,  since  wet  sand  is  usually  temporary,  making  vet-band 
strength  a time-dependent  variable  difficult  to  correlate  with  vehicle  performance..  Equations  are  derived 
for  predicting  tne  performance  of  ail-wheel-drive  wheeled  vehicles  based  on  sand  strength  (cone  iriex), 
tire  cr.ararteristics  (inflation  pressure,  sizes,  etc  ),  aid  gross  vehicle  weight.  Performance  pyrometers 
are  nxximun  slope  negotiable,  maximum  drawbar  pull  (maximum  towing  force),  and  minimum  sand  strength 
required  for  a venicle  to  negotiate  xevcl  sand  (vehicle  ne  index).;  An  equation  is  also  derived  for 
predicting  motior  resistance  for  wheeled  vehicles  (self-prooeiled  type  or  towed  trailers).  The  only 
variables  m this  equation  are  cone  index  and  tire  inflation  pressures.  F.ir  tracked  vehicles,  equations 
are  derived  for  predicting  naxiicun  towing  force  s d motion  resistance.  For  the  range  of  sand  strengths 
investigated,  core  index  does  nc»  affect  perform*iT.ce,  so  the  onj.y  variables  considered  are  gross  vehicle 
weight  and  tre?k  type  {rigid  as  or  engineer  tractors  or  flexiole  as  on  high-speed  tractors).  As  a result 
of  the  statistical  studies  performed  to  develop  a sand  classification  system  for  traff icabili ty  purposes, 
the  following  conclusions  are  drawn  ,(a)  performance  of  a given  vehicle  is  the  same  (requires  the  same 
cone  index  for  a given  slope)  regardless  of  sand  type  (quartz,  coral,  or  volcanic),  or  environment  (beach  or 
de*ert),  and  (b)  frequency  of  occurrence  of  cone  index  by  type  and  environment  shows  that  quartz  sand  is 
the  strongest  and  coral  sand  is  the  weakest,  and  beach  sands  are  stronger  than  desert  sands  (quartz  only).- 
Appendix  A presents  documentation  of  the  derivation  and  evaluation  of  the  wheeled  vehicle  performance 
equations  used  in  the  first-generation  AMC  In  und  Mobility  Model.- 


KEYWORDS:  Coarse  grained  soils J Military  vehicles;  Performance 

predictions;  Sands;  Traf ficabiiity;  Trafficability 
classification 
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The  investigation  of  soils  trafficability  as  related  to  nobility  of  military 
vehicles  is  divided  into  three  phases  as  follows:  (1)  soils  classification  and 

t rafi icability  data  or  the  development  of  methods  and  instruments  for  determina- 
tion of  trafficability  by  ground  reconnaissance  parties;  (2)  soils  trafficability 
predictions  or  the  development  of  methods  to  correlate  soils  trafficability  v:ith 
weather  data  sufficiently  accurate  to  enable  military  planners  to  forecast  the 
trafficability  of  soils  in  an  area  without  physical  tests;  and  (3)  crossing  areas 
of  mud,  sand,  or  unstable  terrain  or  the  development  of  portable  roadways  and 
construction  of  roadways  from  loca’  ond  other  materials  for  crossing  very  soft 
areas.  The  Waterways  Experiment  Station  has  been  assigned  investigation  of  the 
first  two  phases.  This  report  describes  the  first  studies  conducted  under 
phase  (2),  based  upon  the  following  premise:  both  lc  cone  index  and  the  sticki- 

ness vary  primarily  with  moisture  content;  therefore,  a correlation  between  tl.-.se 
factors  and  climate  appears  in  order  if  forecasts  of  soil  trafficability  are  to 
be  made. 


KEYWORDS:  Meteorological  data;  Soil  data;  Soil  moisture  prediction;  Trafficability 

prediction;  [Vicksburg,  Mississippi] 
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U ADSTRACT 


This  is  a continuation  of  the  study  reported  upon  the  f'rst  two  reports  of  this 

series.  It  comprises  three  volumes  and  an  appendix.  Volume  1,  prepared  jointly 

by  the  Waterways  Experiment  Station  and  the  U.  S.  Forest  Service,  gives  a summary 
and  comparison  of  prediction  ncthods,  and  an  account  of  current  work  and  that 
planned  for  the  futui’c.  Detailed  descriptions  of  the  Forest  Service  prediction 
methods  and  experimental  procedures  used  at  Vicksburg  arc  given  in  volume  2. 

Predict iens  developed  by  the  Forest  Service  for  other  areas  arc  given  in  volume  3 

together  wiih  results  of  correlation  studies  and  a description  and  application 
of  the  Waterways  Experiment  Station  prediction  system.  Results  of  special  studies 
and  basic  soil-moisture  and  weather  daf  arc  presented  in  the  appendix. 
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Detailed  observations  trade  in  previous  studies  of  sites  distributed  throughout 
the  United  States  were  used  to  derive  average  soil-moisture  relations  for  xise  in 
applying  previously  developed  soil-mixture  content  p.edicxion  methods  to  sites 
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data  ve.'c  not  available.  Predicted  and  measured  values  were  compared,  and  the 
accuracy  of  prediction  of  soil  moisture  was  within  reasonable  limits  of  error'  for 
well -drained  soils.  Appendices  give  the  prediction  method  developed  and  a sample 
of  its  application,  describe  the  617  sites  with  limited  data  used  in  this  inves- 
tigation, and  present  results  of  special  studies  made  to  improve  the  accuracy 
of  the  prediction  method. 
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u aost rac t The  study  reported  herein  is  part  of  a comprehensive  effort,  begun  in 
19*>9  to  develop  techniques  for  estimating  the  trafficability  of  soil  by  remote  means 
is  devoted  specifically  to  development  of  techniques  for  analyzing  and  interpret- 
j r.g  vertices  aerial  photographs  for  soil  trafficability  purposes.  To  provide  a 
oasis  for  this  study,  airphoto  and  soil  trafficability  data  were  collected  over  a 
period  of  . :veral  years  by  Purdue  University  and  Waterways  Experiment  Station  4>ersa> 
ncl  from  33  humid-clime te  states  and  2 arid-climate  states  in  the  United  States, 
ibis  report  describes  the  principles  and  procedures  of  airphoto  interpretation  re- 
quired to  estimate  the  trafficability  cf  soils,  and  summarizes  data  reported  previ- 
ously in  supplemental  reports  in  a form  suitable  for  use  by  personnel  engaged  in 
-.irphoto- trafficability  analysis.  Soil  factors,  slope  factors,  and  obstacle  factors 
'.11  pertinent  to  terrain  trafficability,  are  discussed.  Terrain  is  classified  into 
/aricus  representative  landscapes  which  are  fully  described  in  regard  to  regional 
drainage,  topography,  local  erosion,  natural  vegetation,  cultural  practices,  parent 
atcrial,  soil  profile,  and  trafficability  and  cross-cour.try  movement  characteris- 
tics. Procedures  for  airphoto  analysis  of  trafficability  are  rigidly  defined,  and 
.n  example  of  photo  interpretation  is  given.  Pertinent  photographs,  data  tabula- 
tions, and  appendices  arc  presented  in  Volume  II  of  this  report.  Appendix  A lists 
tie  locations  in  which  the  soil  and  trafficability  tests  of  this  study  were  con- 
iicted.  Append  i*  R presents  a summary  of  the  soil  and  site  data  obtained  from  these 
testa.  Appendix  C comprises  nine  generalized  landscape-parent  material  naps, 

■‘wing  world-wide  geographic  occurrence  of  each  representative  landscape  type. 
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I)  ABSTRACT 

Moisture  content,  density,  and  soil  strength  data  were  obtained  from  two  test  areas 
in  Michigan  which  arc  subject  to  periods  of  freezing.  Each  area  contained  three 
plots  with  different  vegetation  cover:  bare,  herbaceous,  or  hardwood.  Meteorolcg- 

ical  data  from  neighboring  weather  stations  were  recorded.  Analysis  of  data 
showed  that  (a)  the  greater  the  vegetation  density,  the  later  the  date  of  the  first 
frost's  appearance;  (b)  the  greater  the  vegetation  density  and  snow  cover  depth, 
the  less  the  mean  frost  depth;  (c)  soil  moisture  content  increased  significantly 
as  frost  depth  increased,  and  decreased  when  frost  dept!  decreased;  (d)  soil 
density  followed  a trend  apposite  to  that  of  moisture  content;  (e)  soil  strcngtli 
increased  radically  when  soil  v:as  frozen;  and  (f)  soil  strength  was  lowest  during 
and  immediately  after  the  final  thawing  period  of  the  season. 
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IS.  ASITNACT 

This  study  was  to  determine  if  the  average  cf  soil  strength  values  obtained  in  a small 
area  can  be  reliably  applied  to  larger  areas.  Values  of  properties  used  in  predicting 
soil  strength  and  classifying  soils  were  compared  for  areas  differing  in  size.  Six  test 
sites  in  each  cf  four  loessial  soil  series  were  established,  using  series  boundaries  on 
soil  survey  maps  to  locate  the  sites.  The  series  were  Memphis  and  Lorir.g  in  the  uplands 
and  Collins  and  Kalaya  in  the  bottomlands.  Each  site  had  five  sampling  rows;  each  row 
had  four  sampling  position.  Plots  of  pedoiogically  distinct  soil  series  were  identifiei 
from  field  examination  within  sites  and  were  used  as  an  additional  subdivision  of  test 
areas.  Soil  strength  and  moisture  content  data  were  collected  on  four  visits,  other 
physical  property  data  on  one  visit.  T»;e  four  series  could  not  be  distinguished  by  soil 
strength  because  the  cone  indexes  (Cl’s)  varied  widely  for  any  one  series  and  the  range 
of  CX  for  each  aeries  waa  about  the  same.;  Soils  of  the  6-  to  12-in.  layer  of  the  up- 
lands differed  from  those  of  the  bottomlands  in  clay  content  and  plasticity,  but  not 
in  strength.  The  poorly  drained  Henry  series  and  alluvial-fill  soils  of  the  uplands, 
as  identified  in  the  field,  had  the  lowest  Cl's.  Certain  piots  exhibited  consistently 
different  Cl's  for  each  visit  than  did  other  plots  in  the  same  series,  and  certain 
rows  in  the  same  plot  showed  consistently  different  Cl's.  These  differences  could 
not  be  explained  satisfactorily  in  terms  of  soli  series,  or  soil  properties  common- 
ly used  in  the  Unified  So'l  Classification  System  and  the  U.  S.  P- -artment  of 
Agriculture  textural  classification.  Appendix  A.  includes  oasic  data  for  each  site. 
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The  purpose  of  tie  study  was  to  determine  and  evaluate  soil,  site,  and  weather  factors 
that  affect  high  water  tables,  and  to  explore  means  by  which  an  existing  method  for 
predicting  soil-moisture  content  of  the  0-  to  6-fn.  and  6-  to  12-in.  layers  could  be 
modified  to  Improve  its  accuracy  when  applied  to  soils  kith  high  water  tables. 

Factors  that  significantly  affected  the  initiation,  duration,  and  periodicity  of  high 
water  tables  were  precipitation,  topographic  position,  depth  to  a relatively  impermeabl 
soil  layer,  slope  of  ground,  rate  of  evapotranspiration,  and,  where  applicable,  stream 
or  river  stage.  A scheme  for  predicting  daily  depths  to  water  tables  was  incorporated 
in  the  soil-moisture  prediction  method,  resulting  in  reasonably  accurate  predictions 
of  soil  moisture  content  and  soil  stiength. 
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' A,,T"*eT Attempts  were  made  to  establish  relations  .etween  cone  index,  rating  cone  in- 
dex, and  remolding  index  (penetrometer  strength  measures  commonly  used  in  soil  traffic- 
ability  studies)  and  moisture  content,  soil  separates  contents,  Atterberg  limits,  or- 
ganic matter  content,  and  dry  density.  Analyses  were  based  on  6-  to  12-in.  soil  layer 
data  from  95  widely  varying  soils.  In  general,  the  approach  followed  in  analyzing  data 
was  to  (a)  express  the  relation  between  a measure  of  strength  and  moisture  content  for 
each  site  with  one  standard  equation  form,  (b)  select  coefficients  that  would  define 
the  strength -moisture  relation  for  each  site,  and  (c)  relate  the  coefficients  to  soil 
properties.  Results  of  the  analyses  indicate  that  usually  (a)  strength  decreases  with 
an  increase  in  moisture  for  a given,  soil,  (b)  at  a given  strength  level  moisture  con- 
tent increases  with  a decrease  m grain  size  or  an  increase  in  plasticity  but  is  not 
associated  with  changes  in  organic  matter  content  or  dry  density,  (c)  at  a given  mois- 
ture content  change;  in  strength  are  associated  primarily  with  changes  in  clay  and/or 
sand  contents  when  the  U.;  S.,  Department  of  Agriculture  soil  separates  are  considered 
and  with  plastic  and/or  liquid  limits  when  the  Atterberg  limits  are  considered,  and 
(d)  the  predictive  power  of  derived  strength  relations  is  ptJor  even  though  the  rela- 
tions are  significant  ( *f,.  level)..  Appendixes  are  included  in  which  the  basic  data  and 
procedures  used  in  obtaining  the  data  are  presented. 
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I»y  AN..TNACT 

A desk  study  is  reported  which  reveals  that  little  knowledge  exists  in  the  field  of 
relating  snow  conditions  to  vehicle  performance,  and  that  there  are  several  vehicles 
and  vehicle  concepts  capable  of  providing  good  over-snow  transport.  The  study  argues 
the  necessity  for  fundamental-type  research  into  vehicle-snow  relationships  by 
coordinated  efforts  of  snow  scientists,  trafficability  and  mobility  researchers,  and 
automotive  engineers . 
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It  A At  t MAC  T 

An  account  of  tests  conducted  with  a nuefc-r  of  vehicles  at  three  locations  in 
Greenland  during  the  suaccr  of  195*;  is  presented.  All  data  are  shown.  Instruments 
and  techniques  successful  in  the  measurement  of  the  trafficahility  of  fine-grtined 
soils  and  the  prediction  of  vehicle  perfornar.ee  were  used  (with  aincr  codifications 
in  the  Greenland  snow.  Results  are  inconclusive  because  snow  in  Greenland  did  not 
provide  nobility  problems.  Results  were  nevertheless  encouraging. 
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U AOtTRACT 

Self-propelled,  towing,  and  towed  tests  were  conducted  with  several  wheeled  er.d 
tracked  nilitery  vehicles  on  a variety  of  fine-grained  and  wet  coarse-grained 
snow  conditions.  The  1955  tests  were  conducted  at  various  sites  on  or  adjacent 
to  a 220-ni-long,  marked  trail  leading  fraa  the  edge  out  onto  the  ice  cap;  the 
1957  tests  were  all  run  at  stile  30  on  this  route.  Objectives  of  the  study  were 
to  (a)  correlate  vehicle  performance  with  snow-property  measurements,  (b)  select 
an  instrument  that  will  measure  snow  trefficabillty  and  also  meet  military  speci- 
fications, and  (c)  distinguish  snow  conditions  that  permit  a vehicle  to  travel 
from  those  that  do  not.  Vehicle  performance  was  correlated  with  ten  methods  of 
measuring  snow  properties;  cone  index  provided  the  hest  correlation.  All  instru- 
ments for  obtaining  snow-property  data  were  serviceable,  but  soas  were  more 
efficient  than  others.  The  snow  conditions  prevailing  during  the  test  prriods 
did  not  produce  sufficient  isaabili  cations  to  establish  trafflcebillty  limits. 
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IX.  SPOKSOfttKC  MILITARY  ACTIVITY 

Chief  of  Engineers,  M 
Washington,  D.  C.  20315 

U-  ABSTRACT 

A total  of  39  self-propelled  tests  were  run  with  tracked  and  wheeled  vehicles  at 
Boulder,  Colorado;  ibrfc  Churchill,  Manitoba,  Canada;  Rapuskasing,  Ontario,  Canada; 
and  Houghton,  Michigan.  In  additicr,  27  self-propelled,  24  towing,  end  3 toved 
teats  wore  conducted  with  tracked  vehicles  at  Canp  Hale,  Colorado.  It  was 
concluded  that  depth  of  the  snewpack  appears  to  ho  the  isost  important  factor 
affecting  wsfficsbility  of  subs  retie  snow  which  is  kept  soft  by  the  process  of 
sublir.vtioa.  It  Is  estimated  that  conventional  wheeled  vehicles  would  not  negoti- 
ate snow  deeper  than  about  25$  of  the  wheel  dieneter.  Snow  depth  is  correlate.? 
with  v-.-hic)  a -perfoiiesncc  psreaoters -such  os  rut  depth  and  r.2::iiaua  drawbar  pull. 

It  was  found  that  (o)  ground-contact  pressure  is  the  cost  important  vehicle  char- 
acteristic affecting  vehicle  performance,  and  (b)  drawbar  pull  is  greater  in  :*i:  t 
than  in  dr;-  snow  for  snovpacko  of  the  seme  depth  and  strength.  It  is  roco-WJ 
that  vehicle  tests  in  subarctic  enow  be  continued  and  that  the  cone  psaatronetcr 
be  accepted  as  the  scat  practical  field  instrunent  for  tssecuring  snow 
trsf fillability. 


KEW OSDS:  Field  tests;  Military  bases;  Military  vehicles;  Mobility;  Snow 

trsfficability;  Subarctic  regions; [Boulder,  Colo.;  Caop  Hale,  Colo.; 
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it.  AOATRAC7 

Project  TANK  TRAP  was  conducted  to  determine  the  capability  of  selected 
tactical  vehicles  to  traverse  craters  typical  of  those  which  could  be  produced 
with  Atomic  Demolition  Munitions  (ADM).  The  vehicles  included  in  the  test 
program  were  the  M-60  Tank,  M-113  Armored  Personnel  Carrier,  and  an 
articulated  two-unit  general  purpose  vehicle  called  the  POLECAT.  Traffics* 
bility  testing  of  these  vehicles  was  performed  in  the  SCOOTER  crater,  the 
JANGLE  U crater,  and  Pre-SCHOONER  BRAVO  crater.  The  results  of  the 
research  project  indicate  that:  (1)  craters  formed  in  dry  soil  by  the  detonation 
of  explosives  at  the  surface  or  at  very  shallow  depths  of  burst  (down  to  approxi- 
mately 20  ft/kt1'  *•*)  do  not  present  significant  trafficability  pr  >blems  to  tracked 
tactical  vehicles;  (2)  craters  formed  at  or  near  optimum  depth  of  burst  ( 160 
ft/kt^'  3.4)  in  dry  soil  are  a trafficability  obstacle  to  tracked  tactical  vehicles; 
and,  (3)  craters  formed  in  hard  rock,  such  as  basalt,  cannot  be  negotiated  by 
tracked  tactical  vehicles  without  major  modification  of  the  crater  and/or 
assistance  by  heavy  duty  equipment,  either  mobile  or  fixed. 

KEYWORDS:  Craters;  Military  vehicles;  Mobility;  Obstacles;  Trafficability;  [M-60; 

M-113;  POLECAT] 
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I I*.  ABSTRACT 


A specially  designed  spring-impact  type  aerial  cone  penetrometer  was  shot  from  a 
compressed  air  gun  into  e container  of  soil.  Penetrometer  velocities  and  soil 
strengths  were  varied  over  a vice  range.  From  the  data  collected  relationships 
between  penetrometer  action  and  soil  properties  were  determined  end  used  to  compute 
spring  deflection  necessary  to  fire  the  penetrometer  cartridge  in  soil  of  specifies 
strength.  Tue  spring  was  then  set  for  specific  soil  strengths  and  tests  made  to 
verify  the  accuracy  of  the  settings.  Results  of  the  limited  tests  indicated: 

•Cone  index  has  a major  influence  on  action  of  the  serial  penetrometer  in  soil; 
the  relationships  among  velocity,  deceleration,  impact  of  the  penetrometer,  and 
cone  index  of  the  soil  appear  to  be  consistent  and  reasonable;  the  consistent 
relationships  permitted  computation  of  spring  size  and  deflection  for  proper 
indication  of  specified  soil  strength.  Actual  tests  verified  the  accuracy  of  the 
computations. 
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IS.  ABSTRACT 


An  slurrLmtn  aerial  con:  penetraaetcr  was  shot  from  an  air  gun  into  the  soil  at 
10  test  sites  encompassing  fbur  soil  typ.s  and  a wide  range  of  soil  conditions. 
Results  of  Y3  tests  conducted  during  the  vinter  of  I90O-61  revealed  that,  in 
addition  to  soil  strength,  soil  type  and  plasticity  appear  to  Influence  ths  depth 
of  penetration  of  the  aerial  penetrometer.  Curves  of  penetration  versus  three 
expressions  of  soil  strength  rosaonly  used  in  tra f f Icabillty  studies  (cone  index 
and  rating  cone  index  to  the  depth  of  penetration,  and  rating  cone  in&e*  in  the 
6-  to  12-in.  layer)  verc  developed  for  three  soil  groups,  arranged  according  to 
lou-,  medium-,  and  high-plasticity  index.  It  vas  concluded  that  «everal  penetra- 
tions should  he  made  in  a given  area  to  dafernine  an  average  penetration  to 
represent  the  strength  of  that  area.  It  is  r-esoareended  that  additional  tests  he 
Bade  to  explore  more  fully  the  usefulness  er  i limitations  of  the  aerial 
penetrometer. 
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•tmact 


An  aerial  cone  penetrometer  was  dropped  from  heights  of  50,  100,  150,  200,  2bl,  280, 
and  560  ft  to  determine  its  velocity  impact  with  the  ground  surface.  A high-speed 
motion  picture  camera  recorded  the  flight  of  the  penetrometer  Just  prior  to  impact. 
Velocity  was  determined  by  viewing  the  movie  film  with  a motion  analyzer.  A hyperbolic 
curve  defines  the  impact  velocity -height  relation  of  the  penetrometer- U3ed  in  this 
study  throughout  the  range  of  drop  heights  listed  above.'  A statistical  equation  for 
the  curve  was  developed  from  a relation  established  between  height  and  velocity.  The 
equation  permits  computation  of  impact  velocity  in  terms  of  height  of  drop.  Statisti- 
cal techniques  were  used  to  evaluate  the  reliability  of  the  equation.  It  was  concluded 
from  the  analysis  that  the  equation  can  be  extrapolated  to  a height  of  1000  ft  (UbO  ft. 
greater  than  the  maximum  measured  height ) . The  angle  formed  between  the  tail  vanes  on 
the  penetrometer  barrel  during  flight  affects  the  impact  velocity  inversely;  as  vaae 
angle  increases  velocity  decreases.  A variation  of  vane  angle  of  b3  deg  produces  a 
variation  in  impact  velocity  of  approximately  5.0  fps  and  in  impact  force  of  5 lb.  Thi. 
variation  would  produce  little  if  any  effect  on  spring  deflection  and  no  effect  on  the 
ability  of  the  firing  mechanism  of  tha  penetrometer  to  indicate  the  preselected  soil 
strength  upon  impact.’  It  is  recommended  that  600  ft  be  established  as  the  minimum 
height  from  which  the  penetrometer  be  dropped.  Previously  determined  theoretical  im- 
pact forces  were  verified. 
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Chief  of  Engineers,  DA 
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II.  ABSTRACT 


A pilot  study  of  the  deflection  characteristics  of  a moving  12x22.5  tubeless  tire 
shows  the  shape  of  the  tire  to  be  governed  by  the  inflation  pressure  as  well  as 
the  consistency  or  strength  of  tho  medium  on  which  it  operates.  Results  of  the 
pilot  study  indicate  that  a comprehensive  test  prograw  should  be  worthwhile. 
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IS  ABSTRACT 

five  deflection  gases,  each  consisting  of  a circular  ar.d  a linear  potentiometer 
coupled  together,  were  installed  in  a 12-ply  rating  tire,  i..ountcd  on  a loaded 
2-1/2-ton  truck,  to  measure  both  translational  and  rotational  moonont  of  points 
on  the  inside  surface  of  the  tire.  The  truck  was  run  on  asphalt,  sand,  and  silt 
surfaces.  Vehicle  speed,  number  of  passes,  wheel  load,  tire  pressure,  and 
temperature  of  the  air  within  the  tire  were  varied.  Test  results  showed  the 
shape  of  a moving  tire  to  be  determined  primarily  by  wheel  load,  tire- inflat ion 
pressure,  and  type  and  condition  of  surface  traversed.  At  constant  inflation 
pressure,  temperature  variations  within  the  range  experienced  during  this  test 
program  did  not  affect  tire-deflection  patterns.  The  magnitude  of  the  tire 
deflection  decreased  with  repetitive  traffic  on  the  silt  surface  but  not  on  the 
sand.  Results  also  indicate  that  gages  with  two  degrees  of  freedom  are  adequate 
for  measuring  tire  deflection. 
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Tire  deflection  data  were  studied  from  30  tests  performed  in  the  single-wheel 
test  facilities  with  pneumatic  tires  at  various  inflation  pressures  operating  in 
Yuma  desert  sand  and  mortar  sand  of  various  strong^s,  Plots  arc  presented  of 
a path  of  points  on  the  center  line  cf  the  tires  relative  to  a moving  and  a fixed 
franc  of  reference.  Representative  plots  are  included  to  show  the  effect  of  slip, 
soil  strength,  and  inflation  pressure  on  the  path  and  to  compare  the  paths  of 
a point  on  the  towed  and  powered  tire. 
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' study  was  conducted  to  determine  tie  distribution  of  stresses  imparted  to  a soil 
by  a moving,  pneumatic-tired  vehicle  and  to  compare  the  suitability  of  three 
different  types  of  pressure-sensing  devices  for  measuring  these  stresses.  The 
effects  on  stresses  of  such  variables  as  soil  strength,  tire-inflation  pressure, 
vehicle  speed,  acceleration,  deceleration,  and  towing  of  the  vehicle  were  in- 
vestigated with  the  cells  installed  f.c  varying  depths  and  offsets  from  the  line 
of  traffic.  The  large  (6- in.  diameter),  earth  pressure  cell  was  found  to  be  the 
most  reliable  measuring  device  of  the  three  used  in  these  tests.  Inaccuracy  of 
traffic  alignment,  variations  ir,  wheel  load,  variations  in  soil  consistency,  and 
coll  movement  were  concluded  to  have  been  major  causes  of  the  discrepancies  in 
stresses  recorded  by  the  cells.  Recommendations  for  future  tests,  in  which  these 
detrimental  conditions  would  ba  avoided,  are  included. 
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II  AMT*ACT 

Results  of  a test  program  to  measure  stressc.-  induced  in  fairly  soft  soils  by 
moving  tracked  vehicles  arc  presented.  Three  types  of  pressure-tensing  devices 
were  installed  at  several  depths  and  offsets  from  an  intended  center  line  in 
prepared  areas  of  fat  clay,  and  the  areas  were  trafficked  by  the  M29C  (weasel), 
and  the  D't  and  D7  engineer  tractors.  Vehicle  load  and  speed  were  varied.  Move- 
ment of  pressure  cells  and  inconsistent  readings  of  similarly  placed  cells  dis- 
couraged a quantitative-type  analysis;  however,  the  test  results  indicated  a 
qualitative  analysis  of  pressure  distribution  beneath  the  tracks  of  the  vehicles 
to  be  feasible.  Some  information  was  obtained  or.  movement  of  soil  beneath  moving 
tracked  vehicles.  It  is  recommended  that  this  type  of  test  program  be  continued 
with  better-controlled  soil  and  traffic  conditions  and  utilizing  only  one  type 
of  pressure-sensing  device. 
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11.  ABSTRACT 

This  report  presents  results  of  tests  to  determine  the  magnitude  and  distribution 
of  stresses  beneath  several  types  of  pneumatic  tires  on  an  unyielding  surface. 
Twenty-nine  tests  were  performed,  in  which  stresses  were  measured  under  six  tires, 
differing  in  sine,  shape,  and  construction,  at  the  points  of  contact  with  a firm 
surface,  rive  tires  were  tested  at  one  load  and  forward  speed,  four  of  them  at 
two  inflation  pressures  or  deflections  and  one  at  three  inflation  pressures.  The 
other  and  largest  lire  (11.00-20,  12-PR)  was  tested  at  three  loads  and  at  three 
deflections  for  each  load  while  bo’-h  rolling  forward  and  standing.  The  data 
showed  a rone  of  high  stresses  near  the  edges  of  the  tire  contact  area,  '.he 
magnitude  of  the  stresses  increasing  with  wheel  load,  inflation  pressure,  and 
sidewall  stiffness.  Increase  in  inflation  pressure  significantly  increased  the 
magnitude  of  the  stress  in  the  center  of  the  contact  area.  The  stiffer  tires 
distributed  the  load  less  evenly.  It  is  recommended  that:  (a)  The  investigation 
of  interface  stress  distributions  on  unyielding  surfaces  be  suspended  until  tires 
having  characteristics  different  from  those  tested  become  available,  (b)  A 
sufficient  number  of  tests  be  conducted  to  develop  a working  knowledge  of  the 
tire-soil  interface  stresses  induced  by  towed  and  powered  pneumatic  wheels  in 
soft  soils. 
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IS  AOSTRACT 

Measurements  of  the  magnitude  and  distribution  of  normal  stresses  at  the  tiro- 
soil  interface  of  an  11,00-20,  12-PR  smooth  pneumatic  tire  towed  on  air-dry 
mortar  sand  are  presented.  Deflection  gages  inside  the  tire  measured  its  de- 
flection, and  pressure  cells  embedded  in  he  surface  of  the  tire  measured  the 
stresses  at  the  tire-soil  interface.  Also,  pressure  cells  installed  at  several 
depths  within  the  soil  mass  beneath  the  center  of  the  tire  path  measured  stresses 
induced  in  the  soil  mass.  Results  indicate  that  the  distribution  of  stresses  at 
the  tire-soil  interface  is  related  to  the  shape  of  the  deflected  tire  and  thereby 
to  tire  load,  inflation  pressure,  and  soil  strength.  Peak  stress  in  the  soil 
mass  occurred  well  ahead  of  the  axle  of  the  test  wheel,  with  the  total  load  on 
the  wheel  having  the  greatest  influence  on  its  magnitude.  The  average  stress 
waves  for  a tire-soil  system  such  as  used  in  this  study  can  be  expressed  mathe- 
matically in  terms  of  a Pouricr  series.  Application  of  the  Touricr  series  in 
stress  wave  analysis  is  discussed  in  Appendix  A. 


KEYWORDS;  Pneumatic  tires;  Sands;  Stress  distribution;  Stresses  under  wheexs; 
Tire  deflection 
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The  Waterways  Experiment  Station  participated  in  aircraft  operational  tests  conducted  by 
the  Air  Force  Operational  Test  Center  at  two  test  sites,  Eglin  AFB,  Florida,  and  Pope 
AFB,  North  Carolina,  which  consisted  of  unprepared,  sandy  soil  with  sparse  vegetation. 
Penetrometer  readings  obtained  at  the  two  sites  before  and  during  the  tests  were 
correlated  wit*  H5R  and  converted  to  approximate  CBR  values.  Concxusions  were  that: 

(a)  both  the  C-123B  and  C-13QA  can  operate  successfully  on  sand  subgrades  with  surface 
ruts  as  deep  as  4 to  6 in.;  (b)  the  average  soil  strength  for  the  6-  through  12-in.  deptt 
can  be  used  for  evaluating  the  load-carrying  capacity  of  a sand  subgrade;  (c)  increasing 
wheel  loads  at  constant  tire-inflation  pressures  up  to  116,000  lb  had  little  or  no  effect 
on  depth  of  ruts;  (d)  increasing  tire  pressure  for  a constant  or  increasing  wheel  load 
resulted  in  more  severe  rutting  and  disturbance  of  the  sand  subgrade;  (e)  minimum  sub- 
grade strength  requirements  (based  on  average  strength  values  for  the  6-  through  12-in. 
depth),  as  determined  from  tests  with  C-123B  and  C-130A  aircraft,  were  in  good  agreement 
with  strenth  requirements  indicated  by  the  previously  developed  CBR  design  curves;  and 
(f)  tentative  strength  criteria  established  by  WES  and  ORDL  for  the  operation  of  air- 
craft on  unsurfaced  soils  are  as  good  as  can  be  established  from  data  available  at  the 
present  time. 
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Pope  AFB,  N.  Carolina] 


F024  4 A *70  nircActi  oo  nomm  mm,  t jam  m,  i 

MMVm14/w  MtHf  T(  PM  AMTMIM. 


Unclassified 


110 


Unclassified 


Security  Classification  


DOCUMENT  CONTROL  DATA  • RAD 

(Srtvtitf  <Im  •#  Milt.  My  #f  iW»m<  mrf  tmhMtmj  mwwhiWM  iwwi  h wMtM  »*m  *t>««vivfl  rvjM  fa  rtuilfMj 


OW1GIMATIMO  ACTIVITY  (CtywO  MM)  I*.  NCI»OnT  SCCUNITV  C kAIIIPICATlON 

U.  S.  Army  Engineer  Waterways  Experiment  Station  Unclassified 

Vicksliurf,,  Hiss.  is  mw  ~ 

i 


PEPOflT  TITLE 

TESTS  WITH  RIGID  WHEELS;  TESTS  IU  TAT  CUV,  19S8 


«.  descriptive  NOTES  (T rpt  <t  N 

Report  1 of  a series 


S-  AUTMOnm  ftMl  M>l.  ftMl  MM 


f M ImAiiIm 


Smith,  H.  E. 


Unclassified 
Secmrfty  ClneW>epaen~ 


DD  1473 


in 


..Unclassified 

Secuntv  CtoitolKW M,E 


1 DOCUMENT  CONTROL  DATA  • RAO  f 

| *!•••« UcmUtm  *#  HH*.  Mp  •#  tllffMl  met 4 sm|  •NrMOett  mvmt  bm  MlffN  »»A«m  IN  eveieO  depart  J«  el •*•<#*•«#)  | 

I.  ORIGINATING  ACTIVITY  |C.W«(  mittml 

J.  S.  rmy  Engineer  Waterways  Experiment  Station 
?,y*  r ox  631 

w‘  , icsburr  - Miss. 

!•  MWWT  «ICV  MITV  C kAlfl^tCATiON 

Unclassified 

2%  •AOU» 

».  NGNONT  TITL* 


PROJECT  OTTER  ( OVERLAKD  TRAM  TERRAIN  EVALUATION  RESEARCH) 
PRETEST  REPORT 

«-  QtGCNIMTIVC  NOTtt  (Typt  dmnw  SSSSiS 35S5 

V AUTNONPj  rlMt  MH  lM  «JM«.  SSaV  “ 

Shaaburger , John  R.;  Kbit , Charles  iw 


«.  MPOUT  DAT! 

7 a no.  or  ate?*  j 

ft*.  CAN T» act  on  ON  ANT  NO. 

1a  OOIMATOM  NSNOOT  NUMftMflJ 

a NNOJGCT  MO. 

RAD  Subproject  So. 
RSTO-05-001-06 

Technical  Report  No.  3-588,  Report  1 

4 

AD  U02  257 



to.  AV  A IL  ABILITY /LIMIT ATtOM  NOTICKS 

Approved,  for  public  release:  distrxoutii 

on  unlimited. 
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IS  SrOMtOftlMO  MILITARY  ACTIVITY 

'*•  *“T*ACT  A test  of  the  performance  of  the  Orerland  Train  in  desert  environment 
was  conducted  in  1962  at  the  Yvaaa  Test  Station,  Arizona  (TTA) , using  a system 
of  terrain  analysis  and  evaluation  based  on  plan-profile,  slope  occurrence,  slope, 
relief,  soil  type,  soil  consistency,  rock  type,  and  vegetation.  The  terrain 
factors  of  many  world  deserts.  Including  the  desert  at  Yuma,  have  been  capped. 
Fourteen  test  courses  were  tentatively  selected  at  YTA  subsequent  to  a corapre- 
he.isive  office  study  of  terrain  factor  maps.  Reasonably  severe  routes  were 
;bosen  to  test  the  mobility  of  the  Overland  Train.  Terrain  factor  data  and  aerial 
lottery  of  the  course  were  obtained.  Terrain  typen  were  classified  according  to 
Ut  WES  mapping  system  along  nine  of  the  courses. 

Illustrations,  tables,  maps 
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11.  *eOH*OHINC  WUITARV  ACTIVITY 

Research  and  Development  Directorate, 

1 U.  S.  Arcy  Materiel  Cntauind 

It*.  as*tmct  a program  desigrr.d  to  objectively  test  sod  c>-  ujtitetively  evaluate  the 
cross-country  nobility  of  the  Overland  Train  (a  lor  lineal  cargo  carrier)  in  a 
desert  environment  vas  conducted  over  selected  ,.~~rses  at  the  U.  S.  Army  Tuna 
Proving  Ground,  Arizona,  during  February  and  June  1963.  A semiquantitative  system 

for  terrain  classification,  developed  at  the  U.  S.  Arty  Engineer  Waterways  Experi- 
aent  Station  (WES)  and  used  to  classify  several  world  deserts  in  the  Northern 
Hemisphere,  was  utilised  to  describe  the  terrain  along  the  selected  courses  at  Yuma. 
Sixteen  courses  wu«  '..entat  ively  selected  at  Tuna;  however,  tests  were  tersiinated 
after  only  tvo  course.'  h*t  beer,  traversed.  The  following  data  were  collected  for 
each  *est  caurrie:  fuel  consumption;  electrical  energy  required  to  operate  the 

driviig,  trettioa,  vr.d  steering  systems:  distance  traveled;  dust  density;  and 
acceleration  at  specific  points  on  the  train.  These  data  were  compared  with  base 
values"  obtained  during  -.rain  operation  on  a level,  paved  road.  Effects  of  terrain 
on  cross- coiw'r.-  one  rat  ion  werei  deereaee  in  speed,  increase  in  path  length,  and 
increase  in  f isl  con  sicpt  ion.  These  effects  vert  attributed  to  mlcrogeoaetrlc  ■ 
features  and  the  direction  of  travel  across  thecs  features.  Quantitative  relatione 
betwetn  speed  in  miles  per  hour  end  fuel  consumption  in  gallons  par  mile  were 
established.  Terrain  types,  classified  according  to  the  WES  mapping  system,  along 
the  two  teat  courses  are  compared  to  the  terrain  of  deserts  of  North  Africa,  the 
•'addle  Eas«.,  and  South  Central  Asia. 

KEYWORDS:  Disert  regions;  Military  bases;  Off-road  mobility;  Teirain  analogs;' 
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In  August -October  195’,  the  U.  S.  Array  Transportation  CorpG  conducted  Operation 
Swamp  ft>;:  I,  a 93-»ile  cross-country  operation,  in  Panarxi.  Hie  Transportation 
Hoard  formed  the  nucleus,  command,  ond  transportation  agency  for  e combined 


technical  services  team  of  specialists.  Waterways  Experiment  Station  observers 
collected  data  on  terrain,  vegetation,  and  soils,  and  observed  the  effects  of 
these  factors  on  movement  of  twelve  typos  of  military,  self-propelled,  wheeled 
and  tiv.e’.cd  vehicles.  They  also  tested  instruments  and  tcchni<ji»ac  for  dctciv.inir.^ 
trafficability  of  ftmama  soils.  Tic  data,  collected  under  adverse  conditions, 
are  approximate  and  incomplete  in  many  respects.  Gullies,  rivers,  vegetation, 
vet  su: . , co-soil  conditions,  end  particularly  steep,  frequent  slopes  veie  sigr.ifi- 
cr.'.it  obstacles  to  vehicle  movement.  Difficult  going  necessitated  dropping  conven- 
tion.!! wheel od  vehicles  early,  lht  soils  encountered  wore  generally  capable  of 
supporting  tie  vehicles  used.  To;  instruments  end  techniqu.s  used  to  determine 
soil  trv f f icabili ..y  appeared  adequate.  Further  testing  i6  rocoi t.-nded . An 
Appendix  describes  procedures  for  preparing  vegetation  structure!  dicgrena. 
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is  ass.nact^^  study  reported  herein  was  a preliainary  investigation  made  to  provide 
guidance  for  a planned,  longer  range  research  program  to  develop  and  apply  new  ar. i 
existing  methods  for  measuring  and  predicting  in  quantitative  and  seni  quant  it  ai  ive 
terms  the  effects  of  environmental  factors  on  ground  vehicles  operating  in  South- 
east Asia.  The  repcrt  is  concerned  specifically  vith  the  results  of  a field  pro- 
gram conducted  in  Thailand.  It  presents  a summary  of  the  state  of  the  irt  of  meas- 
uring and  predicting  the  effects  of  environmental  factors  on  ground  mobility,  c.<-  - 
scribes  the  environmental  factors  that  affect  ground  mobility,  presents  the  factor 
family  concept  and  data  adapted  to  ground-mobility  purp3S^s,  and  categorizes  in  tab' 
ular  fcrr.  environmental  data  by  landscape  types  and  subunits  that  occur  ir  Thaiix’'.c 
Estimates  of  the  probable  effects  of  terrain  factors  on  the  performance  of  highly 


and  literature.  Appendices  E,  C,  D,  E,  F,  and  G present  metnods  of  measurc-er.t  cr.al 


App  \'idix  H presents  an  evaluation  of  tne  roads  over  which  the  preliainary  survey 
test  team  traveled  during  tne  field  data  collection. 

KEYWORDS!  environmental  analysis;  Environmental  factor;;  Gff-road  mobility;  Roaa 
tests  ( Venicl-s) ; Gtale-of-tne-art  studies;’  I’errain  classification; 
Tropical  regions; (Thailand) 
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I*.  AOSTBACT 


This  study  was  undertaken  to  determine  the  relation  of  soil  strength  measurements 
obtained  witn  the  beveneter,  the  vane  shear  apparatus,  the  WES  cone  penetrometer, 
and  the  triaxial  shear  machine  to  the  moisture  content  and  density  of  two  soils, 
a heavy  clay  and  a lean  clay,  and  to  establish  correlations  between  the  various 
types  of  strength  measurements.  Directly  measured  soil  strength  values  such  as 
vane  shear  strength,  cone  index,  pressure  on  a hearing  plate  (from  the  bcvar.etcr 
tests),  and  bevameter  and  triaxial  shear  strengths  at  a certain  load  oxsconfining 
pressure  reflect  changes  in  soil  moisture  content  and  density  with  fair  precision, 
whereas  indirectly  measured  or  derived  values  such  as  cohesion,  friction  angle, 
and  the  bevameter  sinkage  values  axe  much  less  reliable.  All  soil  va'ucs  could 
be  correlated  with  each  other  to  some  extent,  except  that  friction  angle  apparent^ 
was  not  directly  related  to  either  of  the  penetration  testa  or  to  the  vane  shear 
tost  results. 


KEYWORDS  Fine  grained  soils;  Laboratory  tests;  Soil  density;  Soil  moisture;  Soil 
property  relations;  Soil  strength;  Soil  strength  test  instruments ; 
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IS.  ABSTRACT 

The  Marsh  Screw  Amphibian  is  of  interest  in  the  Army’ a mobility  research  program 
because  of  its  unusual  concept  of  locomotion  which  is  based  on  the  Aroiiinadean 
screw.  It  moves  by  means  of  two  counterrotating  rotors  which  give  forward  and 
backward  thrust  to  the  vehicle.  When  both  rotors  are  made  to  turn  in  the  saue 
direction,  the  vehicle  will  mo'  e laterally;  however,  there  is  no  provision  for 
steering  whan  the  vehicle  is  moving  laterally.  Trafficabillty  tests  with  .he 
Marsh  Screw  were  performed  to  dcter.ri.ne  its  p-r x'oirance  cn  three  soil  types: 
sand,  clay,  and  silt.  Repetitive -pa so  tests  and  speed  tests  were  conducted 
on  c3ay  an**  sand;  towing  tests  on  clay,  silt,  and  sand;  slope -climbing  tests  cn 
sand;  end  obstacle  tests  on  silt.  For  corner  ri  son,  tests  with  en  I-29C  weasel  vere 
conducted  and  performance  curves  fro.n  previous  test  programs  were  utilized. 
Appendix  A presents  a detailed  description  of  the  determination  of  mobili\ 
indexes  and  vehicle  cone  index  for  the  Karsh  Screw.  Appendix  B discuss  s the 
power  train  system. 
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I).  ABSTRACT 


This  study  was  undertaken  to  evaluate  the  ability  of  several  soil  sti'ength  rcea- 
sureneittr  to  detect  and  follow  changes  in  sand  density  and  to  develop  correlations 
between  the  various  strength  measurements,  The  instruments  used  included  tri- 
axial  shear  apparatus;  direct  shear  apparatus;  the  bevameter,  which  included  a 
ring  shear  device  and  circular  plates  of  different  diameters;  the  shear  vane;  and 
the  WES  cone  penetrometer.  It  was  found  that  the  vane  shear  strength,  the  cone 
index,  plate  pressure,  and  the  plate  sinkage  test  values  kc  and  k^  are  related 

tr  soil  density  and  consequently  to  each  other.  Equations  relating  the  soil 
values  were  derived  whenever  practicable.  The  friction  angles  determined  by  the 
triaxial  and  direct  shear  tests  are  significantly  larger  than  the  bevameter  shear 
friction  angles. 
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• I.  SUPPLEMENTARY  NOTES 


| It.  SPONSORING  WLITARV  ACTIVITY 

U.  S.  Army  Materiel  Coonand 
Washington,  D.  C.  2031S 


IS-  AESTNACT 

A proposed  technique  for  describing  the  soil  stress-strain  relations  from  triaxial 
tests  and  prcssurc-sinkagc  relations  from  plate-penetration  tests  was  studied. 

Both  sand  and  clay  specimens,  prepared  in  the1  laboratory,  were  used  in  the  study. 
The  proposed  technique,  which  is  based  on  the  characteristics  of  a rectangular 
hyperbola,  adequately  portrayed  the  stress-strain  relations  examined.  The 
pres sure -sink «ge  relations  usually  required  one  hyperbola  to  describe  the  relation 
at  shallow  sinkages  and  another  at  greater  sinkages.  Certain  of  the  hyperbolic 
parameters  were  found  to  be  related  to  the  physical  characteristics  of  the  soil 
test  specimens.  It  is  recommended  that  the  study  be  extended  to  a wider  range  of 
moils  and  tsst  conditions. 


KEYWORDS:  Laboratory  tests;  Pres sure- sinkage  relations;  Stress-strain  relations 

(Soils);  Trafficability 


W 


.HR.  1473 


Unclassified 


BecmtUy  Classification 


119 


Unclassified 

S+curity  Qmifictttgi 


M 


DOCUMENT  CONTROL  DATA  -RAD 


1 QNlCINATINO  ACTIVITY  (Cmj RMRU  RUOWJ 

M.RERDRT  MCURlTT  CLARIFICATION 

U.  S.  Army  Engineer  Waterways  Experiment  Station 

Unclassified 

Vicksburg,  Mississippi 

a*.  ONOUO 

a REPORT  Tins 

MEASURING  SOIL  PROPERTIES  IN  VEHICLE  MOBILITY  RESEARCH 

, Repor+  3,  EFFECTS  OF  VELOCITi , 

| SICE,  AND  SHAPE  OF  PROBES  ON  PENETRATION  RESISTANCE  OF  FINE-GRAINED  SOILS  | 

« oticRiRTtvi  NOTti  (Tfp*  •!  r«p mt  m4  hcfcMlft  <Ww) 

Report  3 of  a series 


» ijjiHoSSi fBwi  —4.  mBK  SSi BE  Sw  w— ; 

Gerald  W.  Tumage 


I RIRORT  DATS 

November  197C 

#•,  CONTRACT  OR  CRANT  MO 

k rrojictno  IT 06ll 02B 5 2A 
«.  Task  01 


»•  OUTIMOUTtON  ITATEuEaT 

Approved  for  public  release;  distr 

Lbution  unlimited. 

It.  imHOWm  IAUTAAY  ACTIVITY 

U.  S.  Army  Materiel  Command 
Washington,  D.  C. 

TA  TOTAL  NO. 


& 


8 


M.  OMAiNATOTI  RtRORT  NURAMMU 


Technical  Report  3-652 
Report  3 


m,  OTHER  RERORT  MOW  fA 


AD  878  789 


'*  A,,T"*CTThree  soils — a fat  clay,  a lean  clay,  and  a loessial  silt — were  tested  to  de- 
termine the  effects  of  penetration  velocity,  probe  size,  and  probe  shape  on  the  pene- 
tration resistance  of  fine-grained  soils.  Velocities  ranging  from  0.0011  to  If 1 cm/sec 
were  used  to  penetrate  samples  compacted  at  various  water  contents  to  provide  soil  con- 
sistencies from  103  to  1820  kli/m2  standard  penetration  resistance.  Two  probe  shapes 
were  used— 30-deg-apex-anrle , right  circular  cones  and  flat,  circular  plates.  Base 
areas  of  the  cones  ranged  from  1.29  to  50.0  sq  cm,  and  those  of  the  pl-fes  from  9*93 
39.70  sq  cm.  The  relation  of  penetration  resistance  to  velocity  was  not  linear,  so  no 
constant  "coefficient  of  viscosity"  could  be  determined.  The  relation  could  best  be 
described  as  that  of  a pseudoplastic  mate  dal.  The  data  revealed  that  the  size  depend- 
ence of  penetration  resistance  was  coupled  with  the  velocity  effect.  Data  at  different 
speeds  and  sizes  could  be  grouped  on  a single  relation  simply  by  employing  the  velocity/] 
diameter  ratio  as  the  independent  variable.  Prom  the  experimental  data,  it  was  con- 
cluded that  che  soil  response  could  be  described  as  the  sum  of  a viscous  component  and 
an  inertial  component.  An  apparent  threshold  velocity  was  found  below  which  resistance 
was  constant,  but  was  attributed  to  the  effect  of  water  migration  from  the  stressed 
zone  at  low  penetration  velocities . Data  for  the  highest  velocity  tested  in  this  study 
were  higher  than  predicted,  but  the  higher  values  could  reasonably  be  accounted  for  by 
considering  the  effects  of  inertia.  Further  tests  are  needed  at  velocities  much  higher 
than  those  of  this  report  to  validate  a behavorial  model  that  Includes  the  very-high- 
velocity  condition. 
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U.  S.  Army  Materiel  Command 

Washington,  D.  C.- 

Relations  between  cone  penetration  resistance  and  relative  density  wer%  developed  by 
means  of  statistical  analysis  (correlation  calculation)  for  three  cohesionless  soils: 
Yuma  sand,  mortar  sand,  and  Bayou  Pierre  sand.  These  relations  were  evaluated  from 
direct  measurements  of  relative  density  and  results  of  tests  with  the  U.  S.  Amy 
Engineer  Waterways  Experiment  Station  (WES)  standard  cone  penetrometer.  Most  of  the 
data  fer  Yuma  and  mortar  sands  had  already  been  obtained  as  part  of  tne  soil-tire 
performance  tests  previously  conducted  at  the  WES.  However,  severed  special  labora- 
tory tests  in  molds  with  both  sands  were  conducted  to  control  and  extend  the  existing 
range  of  data.  The  results  in  Bayou  Pierre  sand  were  obtained  from  laboratory  tests 
conducted  especially  for  this  study.  The  relations  established  between  relative  den- 
sity anu  cone  penetration  resistance  and  its  gradient.,  respectively,  averaged  over  the 
0-  to  1?- cm  depth,  depend  on  the  grain  size  and  compact ibility  of  the  soil.  The  cone 
penetration  resistance  increases  with  increasing  soil  mean  grain  diameter  and  decreas- 
ing compactibility.-  The  critical  depth  of  penetration  affects  the  results  within  the 
considered  depth  range  only  in  loose  and  very  loose  sands.  A qualitative  theoretical 
explanation  of  what  occurs  during  the  penetration  of  a cone  into  a cohesionless  medium 
is  given. 

KEYWORDS:  Cone  penetrometers;  Laboratory  teats;  Sanda;  Soil  density; 
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strength;  l’rafficability 

■ mvJ479  Hm.WKm-.wxN.  Unciassified 

J bw»Hy  dm inctiii 


121 


Assistant  Secretary  of  the  Army  (RAD) 
Department  of  the  Army 
Washington,  D.  C. 


Vertical  penetration  tests  acre  conducted  in  three  highly  saturated,  fine-grained  soils— a fat  cley,  a lean 
clay,  and  a silt — with  metal  probes  of  six  shapes — 30-deg-apex-angle,  right  circular  cones;  fit  circular 
plates;  and  flat  rectangular  plates  with  vidth-to-length  ratios  of  1:1,  1:2,  l:k,  and  1:8.  Probe  sixes 
ranged  from  0.323  to  59.1  sq  cm;  penetration  velocities  froa  6 to  1221  ea/aec;  and  soil  strengths  (in  teras 


of  standard  cone  penetration  resistance  C ) froa  90  to  1315  kPa.  Equations  C « 1.0(V/t)  * 

0 1 00  * ^ XS 

P » 0.80(v/O  ’ adequately  describe  the  acous  behavior  of  the  two  claysf  and  C * 1.04 

rt  1 QQ  M 

and  P *•  0.95(V/l)  ' s^rve  thie  purpose  for  silt.  (C  and  P are  C /C  and  P /C 

*»  *8  XS  XS  X 8 X S 


°-100  „d 

ro(v/t,“'080 


'XS 

respec- 


tively, the  ratio  of  soil  penetration  resist  oce  per  unit  area  of  probe  base  for  any  given  cone  or  plate, 

respectively,  at  any  given  velocity  to  that  for  the  *.23-sq-ca  cone  a£  3.05  c»/sec.  (V/l)  is 

(V  ft  )/(V /t  ) , where  V is  penetration  velocity  of  the  probe  that  produced  C or  P_  * t Is  square 

* * s S X s A * XX 

root  of  the  base  area  of  that  probe,  » 3.05  ca/sec  , and  l#  * \3.23  ca‘  “ 1.80  ca.)  ho  noticeable 
inertial  effects  were  produced  in  these  tests.  Piste  penetration  tests  conducted  horizontally  at  speeds  to 
27.35  a/sec  in  Buddy  clays  at  the  Battelle  Institute,  Frankfurt,  Germany,  produced  soil  lift  forces  strongly 
Influenced  by  Inertial  effects.  These  effects  are  described  by  an  improved  dimensionless  lift  coefficient 
C,  versus  plate-soil  nuaeric  (s_)  logarifaic  relation  that  effectively  accounts  for  the  influence  of  pene- 
t ration  velocity  and  plate  Inclination  angle. 

KEYWORDS:  Fine-grained  soils;  Penetration  resistance  (Soils);  Plate 

bearing  tests;  Soil  penetration  tests 
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For  a given  probe  (cone  or  flat  plate)  tested  vertically  in  air-dry  sand  of  a given  strength  level,  the 
curve  of  probe  base  pressure  (sand  penetration  resistance  force  per  unit  probe  base  area,  Fz/Ax)  versus 
probe  base  depth  departs  from  near-linearity  \s  velocity  V2  increases.  For  these  conditions,  values  of 
probe  base  pressure  at  shallow  depth  incr^as*  w-th  increasing  velocity,  but  this  pressure  approaches  a com- 
mon value  at  substantial  depth  (say,  15  cm)  for  velocity  values  in  the  3-  to  600-cm/sec  range. 

For  a velocity  near  3 cm/ sec,  the  slope,  or  gradient,  of  the  probe  base  pressure  versus  depth  curve  (termed 
penetration  resistance  gradient  Gx)  can  be  expressed  for  any  of  a broad  range  of  probe  sizes  and  shapes 


by  Cx  = !<°  - 1^  X |o.20  * |o.SO  I^j  where  0 is  Gx  measured  under  standard  conditions  (i.e.  by 

a 3-23-sq-cra,  30-deg-apex-aiigle  cone  at  3.0b  cm/sec),  I is  A for  tne  standard  cone,  and  *x  is  the 

Ax  for  the  probe  of  interest.  Expressions  were  also  developed  to  describe  Fz  at  shallow  probe  depths 
(zero  base  depth  for  the  cones,  2.5-cra  depth  for  th?  plates)  as  a function  of  sand  strength  and  probe 
size,  shape,  and  velocity  for  a wide  range  of  values  of  each  of  these  variables.  Finally,  a technique  is 
presented  for  estimating  the  Fz  versus  depth  curve  in  the  0-  to  lb-crr,  depth  range  for  cones,  or  the 
2.5-  to  15-cm  depth  range  for  plates,  for  V.  values  less  than  about  100  cm/sec  and  any  of  a wide  rang* 
of  sand  strengths  and  probe  sizes  and  shepesT  A second  phase  of  this  study  determined  expressions  that 
describe  the  marked  increase  in  sand  G values  caused  by  increases  in  sand  unit  dry  weight  7^  and/or 
moisture  content.  In  the  third  phase  of  this  study,  dimensional  analysis  was  used  to  develop  a descrip- 
tion o'  the  horizontal  force  acting  on  a given  cone  base  as  the  cone  moves  horizontally  beneath  the  sand 
Fxi  as  a function  of  probe  size  and  velocity;  depth  of  the  cone  tip  relative  to  the  undisturbed  Sana 
surface;  and  air-dry  sand  G and  7$  • A short  review  of  major  findings  from  two  studies  of  horizontal 
cone  penetration  tests  showed  that  these  findings  agree  with  ar.d  complement  results  of  the  WES  study.  A 
brief  susmary  of  another  study  presents  related  ...press ions  that  describe  the  horizontal  and  vertical 
components  of  force  on  plane  blades  operating  horizontally  near  the  sand  sw-face . 
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A program  of  trafficability  tests  with  10  tracked  vehicles  was  conducted  in  nine 
confined  muskeg  areas  in  Ontario,  Canada.  One  hundred  and  forty-one  single  self- 
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U ABSTRACT 

This  report  analyzes  the  results  of  1&+  multiple-pass  tests  with  a single,  smooth, 
pneumatic  tire  (9.00-lk,  2-PR)  in  a fat  clay  at  a high  degree  of  saturation.  These 
tests  were  performed  using  a wide  range  of  tire  loads,  tire  deflections,  end  soil 
strengths.  Some  of  the  tests  were  conducted  to  study  the  influence  of  speed  on 
performance.  Basic  plots  of  the  data  (one 'dependent  versus  one  independent  variahli 
with  all  other  independent  variables  held  constant)  show  the  relative  effect  of  eac! 
independent  test  variable  on  tire  performance.  Scatter  of  the  pull  and  torque  dat^ 
points  was  found  to  be  quite  large  for  the  early  tests.  An  examination  of  the  data 
showed  that  a difference  in  soil  strength  between  the  soil  surface  and  the  remainde: 
of  the  soil  mass  was  the  probable  cause  of  the  scatter.  Improvement  in  soil  pro- 
cessing techniques  subsequently  produced  more  uniform  soil  conditions  and  virtually 
eliminated  this  scatter  in  the  later  tests.  A simple  static  analysis  was  found 
adequate  to  represent  th'  forces  and  momenta  on  a towed  or  powered  pneumatic  tire 
operating  at  small  linkages  in  a soft  clay. 
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It.  ABSTRACT 


The  effects  of  tire  deflection,  tread,  carcass  stiffness,  :onstruction  speed, 
and  slip  on  tire  performance  in  a dry  sand  are  examined.  Laboratory  test 
rs-.il ts  indicate  that  for  best  performance  in  a dry  sand  a tire  should  be 
highly  defl'cted,  smooth,  and  of  diagonal-ply  construction.  Variations  in 
carcass  stiffness  have  negligible  effects  on  tire  performance  when  deflections 
and  loads  are  equal.  It  was  concluded  that  the  performance  of  pneumatic  tires 
in  sand  is  affected  by  speed;  however,  the  extent  of  this  influence  is  not 
wholly  determined.  Logical,  orderly  relations  are  shown  between  slip  and 
several  independent  and  dependent  variables— wheel  load,  soil  strength,  pull, 
and  sinkcse— both  at  the  towed  and  maximum  pull  points.  A direct  relation  is 
show,  between  the  pull  developed  by  a 4x4  vehicle  and  that  developed  by  a 
single  wheel  in  multiple  passes.  Good  agreement  wbs  attained  in  this  relation 
for  both  Yuma  (desert)  and  mortar  sand.  Significant  differences  in  tire 
performance  registered  in  Yuma  and  mortar  sands  at  corresponding  strength  levels 
prompted  a study  of  the  physical  characteristics  of  the  two  soils.  This  study 
revealed  notable  differences  in  the  strength  characteristics  that  explain  a 
portion  of  the  differences  in  tire  performance  in  the  two  sands. 
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u ‘“'"act^Jj  study  examined  the  effects  of  tire  deflection,  tire  geometry,  wheel 
load,  and  soil  strength  on  the  performance  of  coarse-grained  soils  subjected  to 
moving  tire  loads.  Mathematical  expressions  were  developed  that  combine  the  inde- 
pendent tire-soil  and  system  parameters  and  relate  them  to  the  performance  coeffi- 

G(  bd)3^2  6 

cients.  A combination  of  independent  parameters,  y ■ — * ^ , was  developed 

from  single-wheel  laboratory  tests.  This  expression,  referred  to  a*  the  sand  mobil 
ity  number,  is  shown  to  account  for  the  combined  effects  of  soil  strength  (G),  tire 
section  width  and  diameter  (b  and  d,  respectively) , wheel  load  (W),  and  tire  de- 
flection (6/h)  on  wheel  performance  as  measured  by  the  performance  coefficients. 

A multiple-pass  analysis  was  conouctecl  to  illustrate  that  performance  on  the  secor.i 
and  third  passes  also  could  be  related  to  the  sand  mobility  number,  although  the 
relation  was  not  the  same  as  that  fer  the  first  pass.  It  was  shown  in  a similar 
fashion  that  the  performance  of  vehicles  on  coarse-grained  soils  could  be  prcdlctcc 
using  a relation  based  on  the  sand  mobility  number. 
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A study  was  made  of  the  effects  of  various  testing  techniques  on  the  performance  of 
pneumatic  ti^es  operating  In  an  air-dried  desert  sand  and  a nearly  saturated  fat  clay. 
Tests  employing  both  controlled-sllp  and  controlled-pull  techniques  were  conducted  witl 
single-wheel  dynamometer  carriages.  The  results  are  presented  In  the  form  of  graphs 
with  emphasis  placed  upon  the  pull-slip  and  torque-slip  relations.  For  the  conditions 
tested,  wheel  performance  was  found  to  be  Independent  of  testing  techniques,  with  one 
exception;  consistent  differences  were  noted  between  the  results  of  programmed- 
increaslnp-  and  programmed-decreasing-sllp  tests.  However,  this  disagreement  occurred 
only  for  a narrow  range  of  o^ip  (approximately  -10  to  +10Z).  Careful  and  complete 
analysis  of  a dynamic  test  system  must  be  made  to  determine  the  forces  that  actuallv 
represent  the  wheel  performance.  A brief  analysis  of  the  horizontal  forces  acting  on 
the  test  dynamometers  Is  given  to  emphasize  this  point,  particularly  with  regard  to 
differences  between  pull-slip  and  drawbar  pull-slip  relations.  It  Is  shown  that  be- 
cause of  the  inability  always  to  attain  a stable  condition  in  controlled-pull  tests, 
controlled-sllp  tests  ere  better  fo.  defining  pull-slip  relations. 
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7S  ABSTRACT 

The  study  reported  herein  was  conducted  to  determine  whether  the  sand  mobility  number 
that  had  been  developed  for  circular-cross-section  tires  operating  in  a particular 
coarse-grained,  air-dry  soil  could  be  vsed  to  predict  the  performance  of  rectangular- 
cross-section  tires  in  the  same  or  a second  coarse-grained,  air-dry  soil.  Five 
rectangular-section  tires  were  tested  in  each  of  tw^  coarse-grained  soils,  a desert 
sand  from  Yuma,  Arizona,  and  a mortir-type  sand  from  a river  deposit  near  Vickstiuv  , 
Mississippi.  The  data  collected  in  these  tests  were  compared  with  relations  previously 
developed  from  tests  with  circular-section  tires  in  air-dry  Yuma  sand.  Analysis  of 
test  results  showed  that  the  existing  sand  mobility  number  can  be  used  to  predict  the 
performance  of  rectangular-se^ .ion  tires  in  both  test  sands. 
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Data  from  a very  large  block  of  previously  collected  data  rron  laboratory  single-wheel  tests  and  from 
selected  field  tests  were  examined  to:  (a)  determine  wnether  the  dimensionless  prediction  terms  for  sand 

G(bd)^  6 Cbd  # v 

w ” and  for  clay  could  oe  unproved,  and  (b)  extrapolate  laboratory  relations  to 

field  relations  for  full-size  vehicles.'  (In  these  terms  C and  G are  penetration  resistance  And  pene- 
tration resistance  gradient,  respectively,  for  clay  and  sand,  b is  tire  width;  d is  tire  diameter,  h 
is  section  height;  6 is  tire  deflection;  and  W is  wheel  load.)  The  term  for  sand  and  an  improved  term 
^*bd  / j /2  ^ 

for  clay  • i + (b/2d)  were  des^*5nated  thc  t>Mic  prediction  terms.  These  basic  terms  predict 

dimensionless  tire  performance  coefficients  pull/load  (P/W),  sinkage/diameter  (z/d),  torque/load  • active 
radius  (M/Wr^),  all  at  20  percent  slip  (near  maximum  » and  towed  force/load  (PT/W)  quite  well  for  many 

sizes  and  shapes  of  pneumatic  tires  in  the  laboratory  sands  and  clay..  Other  alternative  terms  examined  for 
both  sand  and  clay  predict  the  performance  of  tires  or  wheels  of  very  small  5/h  values  more  accurately 
than  the  basic  terms,  but  predict  performance  of  conventional  pneumatic  tires  less  accurately.  When  dimen- 
sionless terms  and  |^0  l(Vv/b)/(Vg/dg)J^*^2  are  attached  to  the  basic  prediction  terms 

for  sand  and  clay,  respectively,  the  P/W  versus  prediction  term  relations  are  effectively  collapsed  to 
single  lines  for  wheel  translational  velocities  (V^)  in  the  <1  to  16  ft/sec  range.  (Vg^  is  shear  wave 

velocity,  Vg  is  standard  penetration  velocity,  and  dg  is  diameter  of  a standard  cone.)  The  basic  pre- 
diction terms  can  serve  as  the  base  for  predicting  wheeled  vehicle  performance  in  the  field  if  RCI  (rating 
cone  index)  is  substituted  for  C in  the  terr  for  clay.  Equations  that  describe  the  pertinent  relations 
are  examined  in  detail,  and  examples  illustrate  several  of  their  many  possible  applications. 

KEYWORDS:  Dimensional  analysis;  Mobility  numbers;  Performance  pre- 

dictions; Pneumatic  tires;  Soil-wheel  interaction;  Tire 
performance 
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IJ.  ABSTRACT 


Wheel  performance  data  from  almost  3000  tests  ara  tabulated  and  analyzed.  Prin- 
cipally these  tests  were  conducted  on  two  general  soil  groups  that  are  termed 
frictional  and  nonfrictional.  Rigid-tired  and  pneumatic-tired  wheels  are  repre- 
sented. The  force  required  to  tow  transport  wheels  and  the  maximum  pull  developed 
by  traction  wheels  are  considered  to  be  measures  of  performance.  The  data  are 
analysed  to  show  the  effects  of  load,  tire  geometry,  and  soil  strength  on  wheel 
performance.  Among  the  tire  geometry  variables  examined  are  diameter,  width , 
deflection,  carcass  construction,  and  tread  pattern.  Tt  is  shown  that  wheel  per- 
formance varied  systematically  with  the  test  variables.  Much  of  this  variation 
is  described  closely  by  mathematical  expressions  that  are  derived.  In  both  soil 
groups  load  and  soil  strength  always  have  an  important  influence  on  performance. 

In  frictional  soils  tire  diameter,  width,  and  deflection  are  very  influential 
while  tread  pattern  and  carcass  construction  are  not.  In  nonfrictional  soils 
tire  diameter,  width,  and  deflection  have  some  influence  and  tread  pattern  can 
he  very  important  under  particular  circumstances.  Very  little  benefit  is  de- 
rived from  dual  tires  and  for  traction  on  frictional  soils  duals  are  relatively 
inefficient. 
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The  surrey  reported  herein  vas  a searen  for  maps,  written  text  or  description 
and  aerial  photographs  chat  would  be  useful  in  quantitatively  describing  the  physi- 
cal attributes  of  the  environment  found  in  Thailand  that  affect  ground  mobility. 
These  physical  attributes  include  surface  geometry,  soils,  vegetation,  hydrologic 
geometry , and  climate.  Sections  corresponding  to  the  physical  attributes  and  a 
general  section  were  established  for  filing  and  cross-filing  references  according 
to  their  data  content.  Each  section  was  further  subdivided  into  two  subsections, 
text  and  map  references. 

A list  of  1613  unclassified  references  was  compiled,  and  the  contents  of  each 
reference  were  evaluated  according  to  the  following  categories:  (a)  quantitative 

data,  (b)  qualitative  data,  (c)  useful  data  absent,  (d)  gazetteers,  bibliographies, 
etc.,  and  ie)  not  reviewed.  Of  these  references,  1012  were  review  d and  annotated, 
were  cross-filed,  and  117  were  not  reviewed.  Geographic  index  saps  were  pre- 
pared to  show  specific  areas  of  Thailand  described  in  the  annotated  references  when 
these  areas  were  less  than  the  entire  country.  Each  bibliographic  entry  is  identi- 
lied  by  a *eries  of  symbols  indicating  (a)  section  and  reference  number,  (b)  sub- 
jection (text,  maps,  or  both),  (c)  evaluation  category,  and  (d)  if  and  where  cross- 
filed. 
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u abstract Treaol ess  pneumatic  tires  were  tested  in  specially  prepared  wet  clay  and 
dry  sand.  Horizontal  and  vertical  forces,  torque,  slip,  and  sinkage  were  measured. 
The  test  variables  included  tire  width  and  diameter,  tire  deflectirr. , and  the  load 
on  the  tire.  The  soil  strength  was  varied  over  the  full  practicable  range.  A di- 
mensional analysis  of  the  tire-soil  systems  tested  yielded  four  principal  indepen- 
dent Pi  terns:  the  shape  number  jr  , the  deflection  number  , the  :lay  loading 

C<J2  ® ® 
number  -jj—  , and  the  sand  loading  number  -^r-  . Four  dependent  Pi  terms— the 


The  experimental 


P j 0 

pull  number  y , the  sinkage  number  ^ , the  torque  number  — , and  the  towed 

pT 

force  number  - were  used  as  measures  of  tire  performance.  The  experimental 

results  showed,  both  for  the  clay  and  the  sand,  that  the  consistency  of  the  soil 
could  be  evaluated,  and  that  true  scaled  systems  could  be  achieved.  A single  term 
was  developed  for  each  of  the  soils  that  combined  all  of  the  independent  parameters 
and  this  term  was  shown  to  be  related  to  the  dependent  parameters.  Curves  deline- 


ating the  following  relations  were  developed  and  verified:  |~  -t 

P z Q PT  | Cbd.6.1/2  I - , P z Q PT  G(bd)3^2  6 L 
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IS*  ABSTRACT 

This  report  presents  the  results  of  tests  conducted  to  determine  the  capabilities 
of  active  electromagnetic  sensors  operating  In  the  0,76-  to  5.00-micron  spectral 
region  to  measure  terrain  characteristics  affecting  trafficability  of  soils. 
Controlled  tests  were  conducted  under  laboratory  conditions  in  an  attempt  to 
correlate  the  effects  of  soil  composition,  moisture  content,  and  density  with 
the  quantity  of  infrared  energy  reflected  from  a soil  sample.  Results  cf  the 
tests  indicate  that  the  composition  and  moisture  content  of  homogeneous  soil 
specimens  can  be  characterized  by  active  infrared  sensors  under  controlled  lab- 
oratory conditions.  However,  sirce  infrared  energy  is  reflected  by  infinites- 
imally thin  surfaces  of  materials,  information  concerning  density  and  sub- 
surface parameters  cannot  be  discerned.  Techniques  for  prediction  of  soil 
parameters  through  the  use  of  oultiwavelength  analysis  are  discussed. 
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” *BiT,,*e;T  Laboratory  tests  were  conducted  with  radar  sensors  to  detect  the  pr  scnce 
of  and  measure  the  depth  to  suosurface  interfaces  when  the  surface  was  bare,  and 
to  determine  the  influence  of  vegetation  at  various  stages  of  growth  on  radar 
responses.  A secondary  purpose  was  to  continue  earlier  studies  to  relate  radar 
returns  and  the  electrical  constants  that  they  provided  to  moisture  content  and 
density  of  samples.  Large  laboratory  samples  were  prepared  at  various  moisture 
contents  and  densities  and  with  various  depths  to  a subsurface  metal  plate. 
Standard  pulsed  radar  sensors  operating  with  frequencies  of  297 » 5070,  9375  > and 
3lt,;>li3  mcgacyclcs/sec  and  directed  at  various  angles  of  incidence  to  the  surface 
were  employed.  The  results  of  this  laboratory  study  indicate  that  the  standard 
pulsed  radar  sensors  can  provide  information  that  will  permit  an  estimate  of  the 
moisture  content  of  deep,  homogeneous  soil  samples  and  the  detection  of  surface 
vegetation  of  various  heights.  Radar  signatures  of  vegetation-covered  soil  were 
more  significantly  altered  at  Ke-,  X-,  and  C-bond  frequencies  than  at  P-band 
frequencies.  However,  standard  pulsed  radar  sensors  used  monochrooaticolly  cannot 
provide  information  for  predicting  depth  to  subsurface  interfaces  or  for  direct.,  y 
indicating  the  presence  of  a subsurface  interface.  The  systematic  manner  in  which] 
soil  dept'  . were  varied  in  this  study  permitted  an  analytical  solution  to  the 
problem  of  measuring  depths  of  layers  and  led  to  the  conclusion  that  properly 
i :-.ea  radar  syst-ns  could  measure  depths  to  subsurface  interfaces.  Tnrve 
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Gamma-ray  spectra  over  the  energy  range  0 to  2.82  mev  were  obtained  from  samples 
of  sand,  silt,  and  clay.  All  tests  were  conducted  la  the  laboratory  in  a specially 
designed  low-background  enclosure.  Data  were  analyzed  by  considering  noth  photopeak 
energy  level  and  radioactive  source  content  in  relation  tq  soil  parameters. 

The  results  indicate  that  the  thorium,  uranium,  and  potassium  pnotopeak  counts 
are  proportional  to  moisture  content  expressed  as  a percentage  of  dry  soil  weight. 
When  expressed  as  ratios  to  one  another,  the  photopeaks  lose  nearly  all  moisture  con- 
tent Information  but  appear  to  be  related  'to  each  of  the  three  selected  specific  soil 
types . 

Appendixes  A and  B present  a listing  of  the  FORTRAN  compiler  program  and  a dis- 
cussion of  Che  data  reduction  techniques  that  it  uses  in  the  analysis  of  gamma-ray 
spectral  data. 


KEYWORDS:  Ganaa  rays;  Laboratory  tests;  Remote  sensing;  Soils;  Trafficability 


I •««1473  h»k»*«  See  SSiiv' w»«.'  **** R ' 


Unclassified 

wiy  cuAtheiuv 


141 


Unclassified 


Srcuntv  Clasnification 


DOCUMENT  CONTROL  DATA  -RAD 

(Sm<t«itv  etmtalficMtio**  ml  tltlm,  body  ml  •A*fr«ct  mod  indmalnj  mnnmtmilmm  m vat  H IA«  maarall  rmpmtt  la  clmaatUmU) 


A.C.haTikC  activity  4 Cfpmtmtm  mvthmt)  |ia.  NAROMT  SCCUNlTV  CkAIU^lC ATcON 

U.-  t>.  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Miss. 


, r»tu 

TERRAIN  ANALYSIS  BY  ELECTROMAGNETIC  MEANS:  REPORT  4;  LABORATORY  INVESTIGATIONS 
0?  THE  INFRARED  EMISSIVXTi  OF  SOILS  BELOW  A WAVELENGTH  OF  7.7  MICRONS 


okscaimtiyk  NOTH  (Typm  ml  imp*  l mm4  tmmhtm 4mm  Smtaa) 

^tenort  h o 


. authONiij  (Firm!  mm.  m!44lm  kHUmU  tool 

Lavecchia,  Nicholas  J.,  Jr. 
Williamson,  Albert  N. , Jr. 
Nikodera,  Hans  J. 


Kay  1967 


mm.  CONTRACT  OR  ORAN  T MO. 

a.  no  1-V-0-14501-B-52A , . Research  in 

Earth  Sciences,  Task  -01,  Terrain  Analysii 
«-  1-V-0-21701-A-046,  Trafficability  and 
Mobility  Research,  Task  -04,  Mobility 
* Terrain  Analysis  and  Symbology 


7A  TOTAL  MO.  OP  RAOKI 

6l 


Technical  Report  3-693 
Report  4 


is.  OIITWDUTMN  »T ATCmCNT 

Approved  for  public  release;  distribution 

unlimited. 

• MlMLCAMNTARV  notes 

IS.  SMOMSO  (UNO  SMUT  ANY  ACTIVITY 

U.  S.  Army  Materiel  Command 

Washington,  D.  C.  20315 

This  report  presents  the  results  of  tests  using  a passive  infrared  scanning 
system  responsive  to  radiation  below  approximately  7.7  microns  to  determine  if 
a correlation  could  be  found  between  the  Infrared  eoissivity  of  soils. and  their 
trafficability  parameters.  It  was  established  that  a relation  betweep  the 
passive  emission  of  soils  and  soil  surface  moisture  content  can  be  measured, 
but  contributing  factors  other  than  soil  emissivity  were  encountered.  These 
factors  were  soil  surface  temperature  and  incident  radiation  on  the  soil  sur- 
face. These  factors  so  influenced  the  magnitude  of  the  net  detected  energy 
that  this  measurement  is  meaningless , in  terms  of  soil  emissivity,  unless  the 
contribution  of  the  other  factors  is  known.  Progressive  modifications  in  mea- 
suring techniques  were  made  in  an  attempt  to  isolate  these  components.  The 
data  indicate  that  the  information  that  can  he  obtained  from  a passive  infra- 
red sensor  using  the  technique  derived  herein  is  not  sufficient  to  determine 
emissivity  values  of  terrain  with  sufficient  accuracy  for  practical  application. 
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This  investigation  was  made  to  (a)  measure  the  basic  electrical  properties  of  various 
test  samples  at  frequencies  ranging  fran  1.074  to  1.499  GHz  with  an  L-band  interferom- 
eter and  (b)  to  relate  these  basic  electrical  properties  to  the  physical  properties  of 
the  test  samples.  Twelve  soils,  described  in  Appendix  A,  were  used  in  the  test  program. 
Laboratory  tests  on  soil  samples  at  various  moisture  contents  and  densities  indicate  a 
strong,  nearly  linear  relation  between  the  volumetric  water  content  and  relative  di- 
electric constant.  This  relation  is  not  greatly  affected  by  changes  in  soil  density, 
soil  type,  or  small  changes  in  frequency.  Similar  relations  also  exist  between  loss 
tangent  and  electrical  conductivity  and  volumetric  water  content  as  modified  by  fre- 
quency, and  may  be  useful  for  soil  type  identification.  Tests,  were  also  run  on  samples 
of  water  and  a sample  of  concrete.  Results  from  the  water  samples  show  a decrease  in 
the  relative  dielectric  constant,  loss  tangent,  and  electrical  conductivity  with  in- 
creasing temperature.  The  decrease  in  relative  dielectric  constant  appears  to  be  uni- 
form with  temperature  frcm  0 to  65  C and  is  slightly  less  than  l/2  percent/C.  This 
ratio  may  prove  useful  in  estimating  the  effects  of  temperature  change  on  the  electri- 
cal properties  of  a soil -water  mixture.  Dielectric  constant  measurements  ax'*  shown  to 
be  a sensitive  measure  of  water  loss  in  a concrete  sample.  In  addition  to  the  L-band 
interferometer,  two  other  dielectric  constant  measurement  devices  are  described  in 
Appendixes  B'and  C and  the  results  of  tests  with  these  devices  are  presented.  These 
are  (a)  a capacitor  measuring  system  operating  between  1 and  75  MHz  for  soil  and  water 
samples  and  (b)  an  open  wire  line  (OWL)  probe  operating  between  1 and  2 GHz  for  soil 
and  concrete  samples.  KEYWORDS:  Concrete  samples;  Laboratory  tests; 


II 


| OOCUMcl’f  CONTROL  DATA  • R«kD 

1 (\ttvtity  < i/ir»tfiiaM  of  title  Imh!)-  nt  nhxiiatt  and  tn-Jfk in*  »iipf|itiMi  hr  fnltrrJ  nf»«n  Ilia  on  mil  k;«i|  m cl.iui/inO 

1.  OKIblMAUM  0 AC  * i VI 1 V (Lo>t*oi*-tc  autltoi) 

U.  S.  Army  Fngjnccr  Waterways  Experiment  Station 
Vicksburg,  Kiss. 

2*  HI  Pbltl  tLCUHIIT  C CAS&ll  tCAliWH 

Unclassified 

2ft  GROUP 

».  rcport  title 

C HARACTE  RI STICS  OF  U.S.  RICK  FIELDS  AND  THEIR  EFFECTS  ON  GROUND  ABILITY 

4 DESCRIPTIVE  NOTES  (Tip*  •/  tapoit  mi  tnctusiv  dmt t\) 

ft.  AUTHORtSJ  (L»mi  nama.  titat  mm.  MtinJ) 

Kennedy,  J.  G. 

Kush,  E.  S. 

ft.  RCPORT  DATE 

December  1q65 

• « CONTRACT  OR  CHANT  MO. 
ft.  PROJECT  NO 

« ARPA  order  No.  UOC 

4 

9*.  ORIGIN  A TOtl>  REPORT  NUM«CHfS>* 

Technical  Report  No.  3-702 

• ft  OtMCR  report  woes;  (Any  a that  muhft«ri  that  may  h*  a»»iCo*d 
A'* 

AD  628  04 

10-  A V A li.  ABILITY /LIMIT  AT  ION  NOTICES 

Approved  for  public  release;  distribution  unlimited. 

II-  SUPPL.CI4ENTARY  NOTES 

Service  Agent: 

U.  S.  Army  Materiel  Command 
Washington,  D.  C.  20315 

l>  SPONSORING  MILITARY  ACTIVITY 

Advanced  Research  Projects  Agency 
Washington,  D.  C.  20315 

II  ABSTRACT 


The  primary  objective  of  this  study  vas  to  obtain  information  on  the  environ- 
mental characteristics  of  rice  fields  in  the  United  States  and  the  effect  of 
these  characteristics  on  ground  mobility  for  comparison  with  similar  charac- 
teristics of  rice  field:.,  in  Southeast  Asia.  Twenty-two  study  sites  were 
located  in  rice  fields  in  a variety  of  soil  types  and  under  various  cultural 
practices  in  Arkansas  and  Louisiana.  Fifteen  of  these  sites  were  selected  to 
be  visited  for  data  collecuion  several  times  during  a one-year  period.  Data 
collected  were  soil  moisture,  soil  strength,  vegetation  characteristics, 
surface  geometry,  hydrologic  geometry,  cultural  practices,  and  weather.  General 
conclusions  were:  (a)  for  most  sites  a good  correlation  exists  between  soil 

strength  and  soil-moisture  content;  (b)  estimates  of  soil  strength  car.  be  made 
by  employing  the  WES  soil  moisture-strength  prediction  method;  (c)  surface 
geometry  features  of  U.  S.  rice  fields  would  not  be  a significant  deterrent  to 
ground  vehicles;  (d)  the  soil  strength  in  the  fields  tested  is  adequate  to 
support  at  least  one  pass  of  most  military  vehicles;  and  (e)  most  hydrologic 
geometry  features  in  U.  S.  and  Southeast  Asian  rice  fields  are  insurmountable 
for  present  standard  military  vehicles. 

KEYWORDS:  Environmental  analysis;  Environmental  factors;  Rice  fields;  Temperate 

regions;  Terrain  analogs;  Traf f icability;  Tropical  regions;  [Thailand., 
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IS.  ABSTRACT 

Tests  were  conducted  with  a powered  wheel  to  determine  the  effects  of  wet  surface 
soil  conditions  on  the  performance  of  pneumatic  tires.  Surface  soil  conditions 
were  of  three  types:  (a)  unflooded,  (b)  flooded  and  undrained,  and  (c)  flooded 

and  drained.  Tests  were  conducted  on  fat  clay  and  silt.  " All  test  tires  were 
6.00-16,  4-PR.  Four  tire  surfaces,  or  tread  patterns,  were  tested:  a smooth  tire 

(i.e.  no  tread),  a directional  tread,  a nondirectional  tread,  and  a smooth  tire 
w*tn  traction  aid. 

It  was  found ^that  for  a given  wheel  load  the  loss  of  pull  (used  to  express  per- 
formance) duo  to  flooding  was  essentially  constant  for  each  tread  pattern.  The 
treaded  tires  and  the  smooth  tire  with  traction  aid  performed  better  than  the 
smooth  tire  in  flooded  soil,  but  there  was  no  significant  difference  between  the 
tread  patterns  other  than  smooth.  In  the  unfloodcd  soil,  the  tread  pattern  made 
a considerable  difference  in  performance.  Peak  performance  usually  was  attained 
at  an  optimum  load,  ''egardlcss  of  tread  pattern  or  soil  condition.  Pull  remained 
unchanged  through  five  passes  in  tlw  unfloodcd  soil,  increased  with  each  pass  in 
the  flooded-and-draincd  soil,  and  decreased  with  traffic  in  the  flooded-and- 
undrained  soil.  Magnitude  of  pull  was  dependent  to  some  extent  on  duration  of 
flooding.  Lowest  pulls  due  to  slipperiness  were  attained  when  the  flooding  period 
was  very  brief  and  the  soil  strength  high, 

KEYWORDS:  Fine-grained  soils;  Flooded  soils;  Laboratory  tests;  Pneumatic  tires; 

Soil-wheel  interaction;  Traf f icability 
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Terrain  factors  that  signlficatly  affect  the  locomotion  of  ground-contact  vehicles  are 
encompassed  In  four  factor  families — surface  composition,  surface  geometry,  vegetation, 
and  hydrologic  geometry.  Since  a condition  of  this  3tudy  ora  to  establish  the  effe.  ts 
of  terrain  on  vehicle  locomotion  in  Southeast  Asia,  six  areas  in  Thailand  were  selected 
for  detailed  study.  These  areas  are  in  the  vicinities  of  Nakhon  Sevan,  Lop  Burl,  Chiang 
Mai,  Pran  Burl,  Khan  Kaen,  and  Chanthaburi.  This  report  is  presented  in  eight  volumes. 
This  volume  is  a summary  and  discusses  in  general  terms  the  procedures  that  were  used 
to  acquire  the  necessary  quantitative  terrain  Information  and  the  techniques  that  were 
employed  to  adapt  these  data  to  displays  that  meet  the  specific  requirements  of  cross- 
country locomotion  analysis.  Data  collection,  reduction  and  analysis  procedures,  and 
techniques  for  mapping  the  specific  factors  of  each  factor  family  are  presented  in 
Volume  II  (Surface  Composition),  Volume  III  (Surface  Geometry),  Volume  IV  (Vegetation), 
and  Volume  V (Hydrologic  Geometry).  Data  summaries  are  included  as  appendixes  to  the 
appropriate  volumes.  Air-photo  interpretation  techniques  used  to  identify  air-photo 
patterns  of  terrain  features  are  presented  in  Volume  VI.  The  method  used  to  synthesize 
the  factor-family  maps  into  factor-complex  maps  for  mobility  purposes  is  presented  in 
Volume  VII.  Map  sets  for  each  of  the  four  factor  families  for  the  six  study  areas  are 
presented  in  Volume  VIII. 


KEYWORDS:  Mobility;  Terrain  Analysis;  Terrain  classification;  Terrain  factor  maps; 

Tropical  region  i;  [Thailand] 
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I».  ABMTRACT 

This  volume  presents  the  methods  used  to  collect,  tabulate,  and  analyze  basic  aata  on 
surface  composition  of  six  selected  Thailand  study  are as-—N akhon  Savan,  Lop  Buri , 
Chinng  Mai,  Pran  Buri,  Khon  Kaen,  and  Chanthaburi.  Fifteen  mapping  classes  that  ex- 
pressed the  different  soil  mass  strength  and  soil  surface  strength  conditions  were 
established.  The  criteria  used  in  isolating  these  classes  vere  (a)  that  each  class  be 
identifiable  U3ing  air-photo  interpretation  techniques  and  (b)  that  each  class  exhibit 
similar  variations  in  strength  vith  moisture  content.  Areas  vith  equivalent  traffi- 
cability  characteristics  in  terms  of  the  15  map  classes  vere  delineated  on  25  surface 
composition  maps  together  covering  the  six  study  areas.  This  delineation  vas  accom- 
plished through  interpretation  of  maps  and  air  photos  vith  control  data  in  the  fora  of 
field  and  Isbor&tory  information.  The  maps  are  presented  in  Volume  VIII  of  this  re- 
port. A compromise  betveen  the  desired  degree  of  mapping  class  refinement  and  that 
dictated  by  the  pnoi.o-interprets.tion  criteria  vas  necessary  because  of  the  nature  of 
the  field  data.  During  the  napping  program  vhen  sample  site  data  vere  extrapolated  to 
insa  spied  areas,  the  degree  of  mapping  refinement  vas  of  necet-ity  only  fair  to  lov. 

It  ic  recommended  that  additional  studies  be  conducted  on  the  use  of  air-photo 
identification  techniques  in  classifyiug  soil  strength  conditions.  This  approach  is 
believed  to  be  basically  sound;  novever,  more  field  verification  of  predicted  values 
vill  helo  to  determine  the  reliability  of  this  approach. 

KEYWORDS:  Aiiphoto  interpretation;  Mobility;  Surface  composition  factors;  Surface 

-imposition  mapping;  Terrain  analysis;  Tropical  regions;  [ThailandJ 
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This  volume  presents  the  methods  used  to  collect,  tabulate,  and  analyze  basic  data 
on  the  surface  geometry  of  selected  areas  in  Thailand.  The  descriptions  of  surface 
geometry  features  are  so  designed  that  the  descriptive  values  can  be  used  directly 
os  input  to  an  analytical  model  for  predicting  the  cross-country  speed  of  selected 
military  vehicles.  A method  for  classifying,  interpreting,  and  mapping  surface 
geometry  factors  from  aerial  photographs  (air  photos)  was  developed,  utilizing  the 
field  data  collected  and  the  air-photo  interpretation  methods  developed,  25  surface 
gecraetry  factor-family  maps  were  prepared,  together  covering  six  selected  study 
areas  (tlakhon  Savan,  Lop  Buri,  Chiang  Mai,  Pran  Buri,  Khon  Keen,  and  Chanthaburi) . 
These  mpas  are  presented  in  Volume  VIII  of  this  report.  Air-photo  interpretation 
methods  for  predicting  and  mapping  surface  geometry  factors  ,-er''  largely  auocessfu1 . 
However,  the  degree  of  accuracy  achieved  for  each  of  these  factors  varied  con- 
siderably, being  a function  of  the  scale,  quality,  and  vintage  of  the  existing 
photography.  It  is  recomended  that  studies  be  continued  to  develop  sir-photo  in- 
terpretation techniques  to  improve  the  reliability  of  estimation  of  surface  geom- 
etry factor  values. 

KEYWORDS:  Airphoto  interpretation;  Mobility;  Surface  geometry  factors;  Surface  geometrj 
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It.  AOSTA  ACT 

Vegetation  characteristics  were  measured  accord!’"  to  established  sampling  pro- 
cedures at  295  sites  within  six  areas  of  Thailand.  Prom  these  seaples,  stem  diameter 
and  spacing. data  were  extracted  for  analysis,  since  these  are  the  factors  that  signifi- 
cantly affect  performance  of  ground-contact  vehicles . A dual  classification  system 
vas  devised  for  mapping  these  factors  in  which  spacing  values  of  0-1.9  m,  >1. 5-3.0  a, 
>3. 0-9-0  m,  and  >9.0  m were  determined  for  stem  diameters  of  5 cm  or  less,  13  cm  or 
less,  23  cm  or  less,  and  130  cm  or  less,  and  stem  diameters  of  3 cm  or  more,  8 cm  or 
more,  15  cm  or  more,  and  25  cm  or  more.  Map  units  were  identified  and  delimited  on 
aerial  photographs  by  established  photo-interpretation  keys  and  techniques.  Twenty- 
five  1:50, 000-scale  map  sheets  vere  prepared  for  the  six  study  areas,  on  which  72 
distinct  mapping  classes  were  identified.  The  vegetation  field  data  for  the  six 
study  areas  are  summarized  in  Appendix  A. 
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This  volume  presents  the  methods  used  in  collecting  hydrologic  geometry  data  in 
selected  areas  in  Thailand.  The  selection,  analysis,  and  classification  of  param- 
eter* significant  to  vehicle  mobility  are  discussed.  The  photo-interpretation 
methods  used  in  identifying  hydrologic  geometry  features  from  aerial  photographs 
(air  photos)  and  the  extrapolation  of  these  identifications  to  areas  not  investi- 
gated on  the  ground  are  presented.  The  rationale  for  cartographic  portrayal  of 
these  parameters  is  explained.  Utilising  the  collected  field  data,  available  air 
photos,  and  the  Any  Map  Service  series  of  topographic  mapa,  hydrologic  geometry 
factor  saps  were  prepared  covering  the  six  selected  study  areas  (aakbon  Sevan, 
r ~p  Burl,  Chlfcu£  Mai,  Chanthaburi,  Pran  Buri,  and  Khon  Keen).  The  maps  are  pre- 
b-nted  in  Vol'jse  VIII  of  this  series.  It  proved  only  partially  possible  to  deter- 
mine the  existence  and  value  of  the  chosen  parameters  from  air  photos  since  some 
of  the  individual  factors  are  wholly  or  partially  below  the  water  surface.  Never- 
theless, paoto  interpretation  plus  extrapolation  from  measured  sites  made  it 
possible  to  map  the  parametric  values  by  class  range  with  reasonable  validity. 
Recommendations  are  made  involving  improvement  in  data-co llect 1 on  techniques. 
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tr  ABSTRACT 


This  volume  contains  a catalog  of  photographs  of  Thailand  terrain  features 
described  in  such  a way  that  the  information  can  be  used  in  mfliMng  estima- 
tions of  their  effects  ou  the  performance  of  ground  vehicles.  Results  of 
a limited  study  of  the  effects  of  film  emulsion  on  the  acquisition  of 
terrain  information  from  aerial  photographs  are  also  presented. 
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Individual  factor  maps,  devised  as  a product  of  the  processes  described 
in  Volumes  II,  III  IV,  and  V of  this  report,  were  compiled  into  a set  of  factor- 
family  maps  (surface  composition,  surface  geometry,  vegetation,  and  hydrologic  geome- 
try) by  a process  of  sequential  superpositioning.  The  factor-family  maps  were  then 
compiled  into  two  kinds  of  "factor-complex"  maps:  areal  factor-complex  maps,  which 
display  the  areal  extent  of  discrete  combinations  of  factors  value  classes  of  three 
factor  families  (namely  surface  geometry,  surface  composition,  and  vegetation);  and 
linear  factor-complex  maps,  which  display  the  occurrences  of  linear  features  (i.e., 
streams,  canals,  lakeshores,  etc.)  and  the  surface  composition  and  vegetation 
immediately  associated  with  them.  Each  discrete  factor  complex,  whether  areal  or 
linear  consists  of  a unique  combination  of  factor  value  classes.  Since  the  factors 
and  factor  value  classes  were  chosen  because  of  their  significance  to  vehicle  locomo- 
tion, it  is  presumed  that  each  factor  complex  will  affect  vehicle  performance  in  a 
specific  and  identifiable  way.  Because  the  data  defining  the  factor  complexes  are 
precisely  those  required  as  terrain  input  values  for  the  vehicle  performance  pre- 
diction model,  the  factor-complex  maps  furnish  a comprehensive  and  concise  data 
store  for  estimating  the  cross-country  speeds  of  many  military  vehicles  operating  in 
terrains  such  as  those  of  Thailand. 
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The  terrain  fact or- family  maps  presented  in  this  volume  were  prepared  by  four 
teams,  e-ch  with  responsibility  for  a factor  family.  The  methods  used  and 
techniques  developed  to  compile  these  maps  are  discussed  by  factor  family  in 
the  following  volumes  of  thia  report  series:  Volume  II,  Surface  Composition; 
Volume  III,  Surface  Geometry;  Volume  IV,  Vegetation,  and  Volume  V,  Hydrologic 
Geometry. 
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I*.  ABSTRACT 


A study  was  made  of  the  feasibility  of  using  radar  sensors  as  a remote  means  of 
detecting  the  presence  and  measuring  the  depth  of  surface  water,  and  detecting 
the  presence  and  measuring  the  depth  to  ground  water.  Also,  previously  begun 
studies  were  continued  to  relate  radar  returns,  and  the  electrical  soil  con- 
stants they  provided,  to  soil  moisture  content.  Large  laboratory  soil  ssmpler 
were  prepared  at  various  moisture  contents  and  with  various  depths  of  surface 
water  and  various  depths  to  ground  water.  Standard  pulsed  radar  sensors  operat- 
ing with  frequencies  of  297,  5870,  snd  9375  megacycles  per  sec  through  various 
angles  of  incidence  were  employed.  Results  indicate  that  the  standard  pulsed 
radar  sensors  can  provide  information  to  permit  detection  of  surface  water  and 
an  estimate  of  the  moisture  content  of  deep  homogeneous  soil  ssmples.  However, 
such  sensors  do  not  permit  prediction  of  depth  of  surfsce  water,  presence  of 
ground  water,  or  depth  to  gicund  water.  Systematic  variation  of  surface-water 
depths  and  depths  to  ground  water  permitted  an  analytical  solution  for  measur- 
ing surfsce-  or  ground-water  depths,  and  led  to  the  conclusion  that  properly 
designed  radar  systems  could  measure  surfsce-  and  ground-watar  depths.  Three 
such  systems  ere  proposed. 
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This  report  presents  a method  of  analyzing  the  results  of  tests  with  pneumatic 
tires  in  sand.  Hie  method  is  based  on  considering  the  work  of  the  pull  developed 
by  the  test  wheel  as  the  difference  between  energy  input  end  energy  dissipation. 
The  parameters  used  to  represent  these  energies  are  defined,  and  their  mean.,  igs 
are  described  in  some  detail  by  referring  to  the  theoretical  case  of  a rigid 
wheel  on  a rigid  surface.  This  theoretical  case  is  also  used  os  a reference 
system  to  evaluate  the  results  of  actual  tests.  Experimental  data  for  a number 
of  representative  test  conditions  are  presented  and  compared  with  the  reference 
system.  Concepts  of  efficiency  are  introduced  sr.d  discussed.  It  is  concluded 
that  the  proposed  approach  is  promising  for  both  conveniently  expressing  ex- 
perimental results  and  understanding  tire  behavior  in  soft  soils.  However,  more 
data  will  have  to  be  analyzed  to  draw  quantitative  conclusions  for  practical 
use.  Four  appendixes  are  included  in  which  certain  aspects  of  the  definitions 
ol'  slip,  stress  distribution,  lateral  confinement  of  sand,  and  criteria  for 
propelling-system  efficiency  are  discussed. 
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Tests  were  run  in  an  air-dried  sand  using  three  rigid  wheels  28  in.  in  diameter  and 
12,  6,  and  3 in.  wide  to  determine  the  effect  of  wheel  width  on  performance.  Perform- 
ance in  this  study  was  evaluated  in  terms  of  pull,  torque,  and  dissipated  energy. 

It  was  found  that  the  width/diameter  ratio  Influenced  the  rate  of  Increase  of  torque 
energy  at  low  slips,  but  at  high  slips,  the  slopes  of  the  dissipated  energy  lines  were 
approximately  the  same  for  all  rigid  wheels.  An  increase  in  load  at  a given  high  slip 
caused  some  changes  in  torque  energy,  and  there  was  a load  for  which  the  torque  energy 
was  a minimum.  The  dissipated  energy  tended  to  increase  with  an  increase  in  load,  so 
the  pull  energy  tended  to  decrease  with  an  increase  in  load.  Energy  parameters 
measured  in  these  tests  with  rigid  wheels  were  compared  with  similar  parameters  from 
tests  with  pneumatic  tires.  In  all  cases,  thepneunatic  tire  was  found  to  be  more 
efficient,  with  the  better  performance  attributed  mostly  to  a lower  energy  dissipation. 
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tl  ABSTRACT 

Field  and  laboratory  tests  were  conducted  on  11  fine-grained  soils  from  the 
temperate  climate  of  the  United  States  and  17  fine-grained  soils  from  the  tropical 
climates  of  Puerto  Rico,  Panama  Canal  Zone,  Hawaii,  and  Thailand  to  determine 
the  trafficability  end  other  engineering  properties  of  the  soils.  Soils  were 
collected  from  the  6-  to  12-in.  layer  for  a wide  range  oi  parent  materials. 
Temperate  and  tropical  soils  of  each  parent  material  were  selected  on  the  basis 
of  their  similarity  in. the  Unified  Soil  Classification  System  and  in  topographic 
position.  A comparison  of  physical,  mincralogical,  and  chemical  properties,  and 
results  of  standard  and  special  engineering  tests  indicate,  with  few  exceptions, 
no  significant  differences  between  temperate  and  tropical  soils  from  a similar 
parent  material.  It  is  concluded  that  temperate  end  tropical  soils  of  similar 
parent  material  and  Atterberg  limits  generally  h8vc  other  engineering  properties 
that  are  similar  and  behave  similarly  when  subjected  to  standard  and  special 
engineering  laboratory  tests.  Differences  in  behavior  between  soils  from  each 
of  the  climates  can  be  associated  with  differences  in  Atterberg  limits. 


KEYWORDS:  Field  tests;  Laboratory  tests;  Parent  materials  (Soils);  Soil  property 
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A program  of  trafficability  testa  was  conducted  in  unconfined  muskeg  areas  at  Fort 
Walnwright,  Alaska,  with  four  tracked  vehicles:  an  Mll6  amphibious  cargo  carrier, 
an  M59  armored  personnel  carrier,  an  tftl  combat  tank,  and  an  MSoAl  combat  tank. 
Self-propelled,  go-no  go  teats  were  conducted  with  all  four  vehiples;  maximum- 
drawbar-pull  tests  were  conducted  with  the  M116,  the  I159,  and  the  Mhl;  and  cross- 
country speed  teats  were  conducted  with  the  Mll6  and  k59> * Results  indicate  that 
a combination  of  depth  to  permafrost  and  strength  of  the  muskeg  layer  above  perma- 
frost affects  vehicle  performance  on  a go-no  go  basis.  Average  maximum  drawbar 
pull  of  the  Mll6  was  59%  of  its  gross  'weight  and  apparently  was  limited  by  its 
torque  converter  output.  The  maximum  pulls  of  the  M59  and  M4l  ranged  from  35  to 
^0%  of  their  gross  weights  and  were  limited  by  traction  capacity  of  the  muskeg. 

In  the  cross-country  tests,  the  speed  of  the  Mll6  was  greatly  affected  by  the 
inability  of  the  driver  to  see  over  the  vegetation  ahead  of  him.  The  reduction  in 
speed  of  both  the  Mll6  and  -he  M59  when  traveling  on  muskeg,  as  compsred  with 
maximum  speed  on  hard  surfaces,  may  be  attributed  to. increased  motion  resistance. 
Depth  to  permafrost  was  affected  by  surface  cover;  the  shallowest  permafrost  was 
found  generally  under  dense,  woody  vegetation,  and  the  deepest  permafrost  was 
found  generally  in  areas  covered  with  grass  and  water  or  where  all  vegetation  had 
been  removed . 

KEYWORDS:  Field  tests;  Military  bases;  Military  vehicler;  Muskeg;  Tracked  vehicles; 

Trafficability;  [Fort  Walnwright,  Alaska;  M41;  M59;  M60A1;  M116] 


DD  “ 1473 


Unclassified 


Security  Classification 


158 


Unclassified 


Security  Classification 


DOCUMENT  CONTROL  DATA  - R&D 

<S#«wWfr  ot  Mil*.  6© 4y  •!  abtlMtl  mt%4  fftrfoi ntng  annoleNM  awsl  ft*  Mlirttf  «A*n  thm  tmpPti  li  «J 

ONIOINATIN  0 ACTIVITY  (C wAn) 

U.  S.  Army  Engineer  Waterways  Experiment  Station 

Unclassified 

Vicksburg,  Mississippi 

<9.  ftMOUP 

).  At PONT  TITCS 


TRAFFICABILITY  CLASSIFICATION  OF  THAILAND  SOILS 


4.  OCSCftlPTIVC  NCTIS  (Typ*  •/ 

Fina 


f.  AUTMOftfSJ  ft  Ml  nmmrn,  A Ml  iwm-  NUf/A/J 

Meyer,  M.  P. 


ft.  At  PONT  OATS 

January  1967 


• a.  comTNact  on  many  mo. 


9*.  ONI  ft  IN  A TON  *ft  NKPONT  MOMfttNfSJ 


* «oi«er  NO.  1-V-0-21701-A-0U6,  Technical  Report  No.  3-753 

Trafficability  and  Mobility  Reaearch  

•■Ta8k  -02,  Surface  Mobility  »*■  9th«* ajaoat  how  fAur  «*..  •,*  mmr  *• 


-nnrH  vruer  no.  huu i 

1ft.  A V A IL  AilLiTY /LIMITATION  NOTICE! 

Approved  for  public  release;  distribution  unlimited. 

It.  SUNNI EMENTANV  NOTES 

tl.  SPONSORING  MILITARY  ACTIVITY 

Service  Agent: 

Advanced  Research  Projects  Agency  and 

U.  S.  Army  Materiel  Cotmnand 

U.  S.  Army  Materiel  Command 

Washington,  D.  C.  20315 

Washington,  D.  C.  20315 

It-  AaSTHACT 

Pertinent  soil  trafficability  data  were  collected  during  the  wet  season  at  8b6 
sites  in  Thailand.  The  soils  were  identified  according  to  the  Unified  Soil 
Classification  System  and  the  U.  S.  Department  of  Agriculture  textural  classifi- 
cation system.  Two  general  topographic  positions  (high  topography  and  low 
topography)  and  two  general  levels  of  wetness  were  considered.  A scheme  for 
classifying  3olls  according  to  their  trafficability  was  developed.  The  scheme 
lists  the  soil  types  in  order  of  decreasing  trafficability  under  each  of  three 
topography-wetness  level  categories  and  shows  the  probability  of  successful 
passage  on  each  soil  for  vehicles  of  known  soil  strength  requirements.  The 
scheme  permits  the  estimation  of  the  probability  of  a successful  operation  for 
given  soil  type,  topography,  and  wetness-level  conditions.  If  a choice  of 
several  routes  and  vehicles  is  available,  the  determination  of  the  vdiicles  with 
the  best  chances  of  success  over  a given  route  or  of  the  best  route  for  given 
vehicles  can  be  mede. 


KEYWORDS:  Soil  properties;  Statistical  analysis;  Trafficability  classification; 
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Advanced  Research  Projects  Agency  and 
U.  S.  Army  Materiel  Command 
Washington,  D.  C.  20315 

An  instrumentation  system  was  developed  to  measure  and  record  the  dynamic  responses 
of  a moving  vehicle  to  discrete  environmental  factors.  Measurements  of  force  to 
override  vegetation,  drive-line  torque,  vehicle  linear  and  wheel  or  track  rotational 
displacement,  fuel  consumption,  acceleration,  pitch,  and  hydrostatic  pressure  were 
made  to  determine  the  effects  imposed  on  the  vehicle  by  soil  and  longitudinal, 
lateral,  and  vertical  obstacles.  Hie  specific  components  of  the  system  used  for  the 
various  measurements  are  described  and  information  concerning  their  positioning  and 
operation  i8  presented. 
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A total  of  95  lateral  obstacle  tests  were  conducted  with  two  t-acked  and  three 
wheeled  vehicles  at  the  NASA  Marshall  Space  Flight  Center,  Miss.,  and  Eglin  Air  Force 
Base,  Fla.  The  principal  conclusions  from  these  tests  were  that  (al  vehicle  per- 
formance in  terns  of  speed  made  good  in  an  array  of  vegetation  assemblages  can  be 
correlated  with  the  density  of  vegetation  assemblages  expressed  as  mean  obstacle 
spacing,  (b)  the  minimum  obstacle  spacing  required  to  permit  movement  of  a vehicle 
can  be  computed  from  vehicle  width,  and  (c)  the  speed  made  good  a vehicle  can 
achieve  when  maneuvering  in  lateral  obstacles  is  significantly  effected  by  the  slope 
of  the  terrain.  Methods  of  determining  mean  obstacle  spacing  from  structural  cell 
diameter  and  percent  area  denied  from  stem  diameters  of  trees,  vehicle  width,  and 
structural  cell  diameter  are  shown.  A method  of  determining  percent  area  denied  by 
logs,  mounds,  and  other  obstacles  is  suggested. 
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ABSTRACT 

A total  of  372  tests  were  conducted  with  one  tracked  and  one  wheeled  vehicle  at  the 
NASA  Marshall  Space  Flight  Center,  Miss.,  Eglin  Air  Force  Base,  Fla.,  Prsn  Burl, 
Thailand,  and  Khon  Kaen,  Thailand.  The  general  purpose  of  these  test  was  to  obtain 
data  relating  characteristics  of  longitudinal  obstacles  to  vehicle  performance  in 
terms  suitable  for  use  in  developing  that  portion  of  the  analytical  modPl  for  cross- 
country performance.  The  specific  purposes  were  (a)  to  determine  the  maximum  hori- 
zontal force  and  total  work  required  to  override  sirgle  standing  trees  of  a range  of 
sizes  at  various  speeds  and  pushbar  heights  and  (b)  to  determine  average  horizontal 
force  and  total  work  required  to  override  trees  in  multiple  array.  Empirical  rela- 
tions are  presented  to  support  the  conclusions  that  pushbar  force  required  to  fail 
trees  singly  and  in  mulitplo  array,  work  requires  to  fail  trees  singly  snd  in  multiple 
array,  and  work  required  to  override  a single  standing  tree  may  be  predicted  from  stem 
diameter(s).  A method  is  suggested  for  predicting  work  required  to  override  trees  in 
multiple  array.  The  results  of  the  teee-felling  tests  in  the  Tunguska  meteorite  area 
were  confirmed,  with  a single  exception  ncted,  and  discussed.  It  is  recommended  that 
additional  testing  be  done  in  areas  of  soft  soil  to  determine  the  effect  of  soil 
strength  on  uprooting,  and  in  grass  and  brush  areas  to  determine  the  effects  of  small 
vegetation  on  speed. 
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This  appendix  presents  a brief  history  cf  vehicle  dynamics  modeling,  a recapitula- 
tion of  the  U.  d.  ' -rny  Engineer  Waterways  Experiment  Station  approach  to  the  prob- 
lem of  predicting  .enicle  performance  in  terrain  containing  discrete  vertical  ob- 
stacles, and  descriptions  of  dynamic  response  prediction  models  for  the  K60A1  tank 
and  M37  track,  and  compares  measured  and  predicted  ver.icle  performr-u.ee  in  terms  of 
peak  vertical  and  longitudinal  accelerations  for  78  rigid  obstacle  tests  with  the 
two  vehicles.  Major  conclusions  from  the  tests  were  that  performances  of  tne  M60A1 
tank  and  M3 7 truck  in  tents  of  peak  vertical  and  peak  longitudinal  accelerations 
experienced  at  the  driver's  seat  when  traversing  discrete,  rigid  obstacles  can  be 
correlated  with  impact  rpeed,  that  the  mathematical  techniques  described  yield 
reasonably  accurate  predictions  of  the  spee’  at  which  the  MbOAI  tank  can  contact 
a rigid  obstacle  without  exceeding  specifier  tolerance  limits,  and  that  refinement 
is  needed  in  the  dynamic  response  predictior  model  for  the  M3 7 truck.; 
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Forty  tests  were  conducted  with  two  amphibious  tracked  vehicles  and  one  amphibious 
wheeled  vehicle  at  Eglin  Air  Force  Base,  Fla.,  and  near  Khon  Kaen,  Thailand,  to  deter- 
mine the  vehicles'  capabilities  for  exiting  closed  bodies  of  water.  Empirical  rela- 
tions, based  on  the  data  collected  in  this  study  and  in  previous  studies,  are  presented 
to  support  the  conclusions  that  performance  of  amphibious  tracked  and  wheeled  vehicles 
(in  terms  of  "go-no  go")  in  the  water-land  interface  can  be  correlated  with  soil 
strength  (expressed  as  average  cone  index  of  the  0-  to  6-in.  soil  layer),  and  that  the 
slope-climbing  ability  in  the  water-land  interface  of  the  tracked  vehicles  tested 
compares  favorably  **ith  that  of  the  same  vehicles  operating  on  land  surfaces  of  similar 
soil  composition  and  consistency. 
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A total  of  39  tests  were  conducted  with  two  wheeled  and  tvo  tracked  vehicles  at  three 
sites  at  Eglin  AF3,  Fla.,  and  five  sites  at  Khon  Kaen,  Thailand,  in  an  eflort  to  es- 
tablish procedures  for  quantifying  screening  effects  of  vegetation  on  driver's  vision 
and  to  relate  recognition  distance  to  maximum  safe  speed.  Recognition  distance  was 
defined  in  this  study  as  that  distance  wherein  76  percent  of  the  dots  pointed  on  a 
standard  target  could  be  counted  in  a vegetation  assemblage.  Predictions  of  maximum 
safe  speeds  were  computed  based  on  recognition  distance,  and  average  deviation  of 
predicted  maximum  safe  speed  from  actual  average  speed  for  each  test  was  3-3  mph  on 
the  safe  side.  It  is  recommended  that  additional  testing  be  done  to  develop  a less 
tedious  and  time-consuming  procedure  for  determining  recognition  distance  in  vegetated 
areas  and  that  stopping  distance-soil  strength  relations  be  established. 
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Sixty-six  acceleration-deceleration  tests  were  conducted  with  three  wheeled  and  two 
tracked  vehicles  at  five  sites  in  Thailand.  The  principal  conclusion  from  these  tests 
was  that  vehicle  deceleration  in  soft  clay  soils  can  be  correlated  with  soil  strength 
expressed  as  the  average  0-  to  6-in.  cone  index.  The  analysis  indicated  that  accelera- 
tion increased  with  an  increase  in  soil  strength,  but  no  definitive  correlation  could 
be  established.  Semiempirical  and  empirical  relations  were  used  in  a first-generation 
analytical  model  to  predict  average  speed  over  the  test  courses.  Comparisons  of  meas- 
ured and  predicted  speeds  led  to  recommendations  for  specific  additional  studies  to  im- 
prove the  reliability  of  the  WES  analytical  model. 
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The  investigation  reported  herein  was  a pilot  study  undertaken  to  develop  means  of 
predicting  the  performance  of  a CV-2  aircraft  on  irregular  terrain  and  of  quantifying 
surface  roughness . Special  tests  were  conducted  to  ascertain  the  natural  frequency 
and  damping  characteristics  in  both  the  vertical  and  horizontal  directions  of  the 
elements  of  the  aircraft.  Landing,  takeoff,  and  taxi  tests  were  conducted  at  15  field 
sites  in  three  general  areas;  accelerometers  and  strain  gages  were  used  to  record 
responses  of  12  critical  components  of  the  aircraft.  Simple  mathematical  models  to 
predict  the  dynamic  responses  of  certain  of  the  aircraft  components  were  developed 
for  solution  by  both  analog  and  digital  computers  and  were  verified  by  comparison 
with  measured  data.  Because  of  certain  assuaiptlons  used  in  the  development  of  the 
models,  the  predicted  data  did  not  agree  exactly  with  the  actual  data.  Although  the 
predictions  were  of  useful  accuracy,  it  is  recommended  that  an  analog  model,  excited 
by  measured  terrain  data,  be  used  to  determine  the  adequacy  of  a surface  for  landings  < 
of  the  CV-2  aircraft.  To  obtain  the  terrain  input,  an  outrigger  trailer  dynamometer 
with  an  actual  prototype  aircraft  tire  as  the  terrain  follower  is  proposed. 
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Soil  moisture,  soil  strength,  and  other  relevant  data  were  collected  in  Thailand 
during  two  wet  seasons  and  one  dry  season  for  use  in  the  development  of  methods  to 
predict  soil  trafficability  for  off-road  ground  contact  vehicles  in  Southeast  Asia. 
Data  were  collected  at  75  test  sites  distributed  in  eight  geographic  areas  which  had 
differences  in  soils , weather  regimes , terrain , and  land  use . 

From  data  collected  monthly  at  the  75  sites , specific  soil  strength-moisture  re- 
lations were  derived  to  depict  the  changes  in  strength  that  corresponded  to  changes  in 
moisture  content.  From  data  collected  daily  at  17  sites,  specific  soil  moisture  pre- 
diction relations  were  derived  following  procedures  developed  for  sites  in  the  United 
States.  Results  shoved  that  the  prediction  methods  were  applicable  to  Thailand  sites 
that  vere  well  drained.  Modifications  in  the  methods  should  be  developed  to  account 
for  the  influence  of  water  tables  when  present.  Similarities  in  specific  prediction 
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TheXM759was  tested  at  sites  In  Virginia  ard  Louisiana  on  a wide  range  of  terrain  con- 
ditions analogous  to  those  of  the  Mekong  Delta,  South  Vietnam.  The  off-road  performance 
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A mathematical  model  for  a pneumatic  tire  vas  used  to  compute  the 
horizontal  and  vertical  forces  transmitted  through  the  tire  to  the  vehicle 
axle  to  provide  realistic  force  Inputs  for  model  studies  of  vehicle  dynamics.  The 
present  model  is  valid  for  the  computation  of  forces  through  a pneumatic  tire 
traversing  nondeforming  obstacles,  with  zero  slip.  Laboratory  tests  are  described  In 
which  static  loaddeformatlon  characteristics  and  dynamic  obstacle-traversal 
characteristics  were  obtained.  These  tests  were  run  with  9.00-lA  tires  under  several 
conditions  of  ply  rating  and  inflation  pressure.  Data  from  these  tests  were  used 
to  calculate  model  parameters  and  to  produce  time  histories  of  dynamic  responses. 

A computer  Implementation  of  the  mathematical  model  is  described  which  produced 
force  and  displacement  time  histories  similar  to  those  obtained  during  the  obstacle- 
traversal  laboratory  tests.  The  model  produced  the  essential  features  of  the  wave 
forms  seen  in  the  laboratory  and  is  therefore  a valid  representation  of  a pneumatic 
tire  for  dynamic  analysis  of  vehicles  on  nonyielding  terrain. 
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This  appendix  presents  the  procedures  for  digital  implementation  of  the  segmented 
tire  model,  developed  in  the  basic  report  for  an  analog  computer.  Two  procedures  are 
required:,  (a)  determination  of  the  segment  spring  coefficient  from  measured  load- 
deflection  test  results,  and  (b)  computation  of  the  resultant  force  vector  transmitted 
to  the  axle.  Digital  programs  for  both  procedures  ware  written  in  Fortran  IV  for  a 
GE-U20  system,  and  are  included. 
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II.  . JTSACT 

Wiener-Bose  Theory  is  a strategy  for  identifying  nonlinear  systems  in  terms  of  a set  of 
"characterizing  coefficients."  A computer  study  was  conducted  to  discern  problems  of 
implementation  of  the  theory.  Several  systems  of  increasing  complexity  were  studied  and 
a practical  form  of  Wiener-Bose  Theory  evolved.  The  systems  studied  were  as  follows: 

(a)  a zero-memory  system,  (b)  rate- independent  hysteresis,  (c)  a second-order  system 
with  saturation,  and  (d)  a fourth-order  mechanical  system  with  nonlinear  compliances.  A 
military  M37,  3/4-ton  truck  was  selected  for  characterization  using  a Wiener-Bose  model 
having  1024  coefficients.  The  characterizing  coefficients  were  obtained  by  utilizing 
the  responses  of  the  vehicle  recorded  during  traversal  of  a specially  configured 
obstacle  course  whose  total  length  was  2.5  miles.  Once  the  coefficients  were  obtained, 
they  were  used  to  synthesize  responses  to  specific  terrain  profiles.  These  predicted 
responses  compared  favorably  with  counterpart  responses  of  the  vehicle  traversing  the 
same  profiles.  It  was  concluded  that  Wiensr-Bose  Theory  is  capable  of  satisfactory 
performance  In  the  analysis  of  many  nonlinear  systems.  The  principal  difficulty  in 
its  practical  application  is  the  extensive  probing  effort  required  for  characterizing 
the  system., 
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14.  AUTHaCT 

Digital  computer  simulations  were  -onducted  in  which  a vehicle  was  run  at  several 
selected  speeds  over  terrain  profiles  with  various  levelB  of  roughness.  The  terrain 
profiles  were  generated  by  computer  programs  that  constructed  and  shaped  sequences  of 
random  normal  numbers  to  provide  representative  profiles  with  a desired  power  spe-ctrum, 
variance,  mean  value,  standard  deviation,  and  RMS.  These  programs  also  performed  the 
necessary  statistical  checks  for  normality,  stetionarity , and  randomness.  A comprehen- 
sive, nonlinear  mathematical  model  of  an  M37  truck  served  as  the  vehicle.  This  model 
allowed  for  the  nonlinear itics  Inherent  in  large  rotational  motions,  the  suspension 
eleements,  bump  stop,  loss  of  ground  contact,  and  the  tire  compliance,  which  was 
represented  by  a cluster  of  radially  projecting  springs.  The  results  are  presented  in 
the  fora  of  three  basic  graphs  comparing  input  and  output  statistics  and  distribution 
functions.  The  input  statistics  consisted  of  terrain  roughness  as  measured  by  RMS 
elevation.  The  output  is  represented  as  the  RMS  vertical  acceleration  of  the  vehicle's 
center  of  gravity.  A family  of  curves  was  developed  relating  vehicle  response  to  terrain 
roughness  for  each  speed  of  vehicle  traversal.  Cross  plots  of  these  established 
relations  provided  a more  useful  relation  between  vehicle  response  and  speed  for  various 
degrees  of  terrain  roughness. 
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[It  ABSTRACT 

Approximately  300  tests  were  conducted  with  an  M37  3A-ton  truck  at  various  speeds 
o/er  single  obstacles  of  various  heights  and  shapes . Data  for  acceleration-time  his- 
tory, vehicle  speed  and  pitch  angle,  and  event  markings  were  recorded  on  FM  analog 
tape,  which  was  processed  by  an  analog  compute^  (described  in  Appendix  A).,  The  fol- 
lowing parameters  were  determined  (at  the  vehicle  center  of  gravity)  for  each  test: 

(a)  peak,  root  me  in  square,  and  mean  root  mean  square  values  of  vertical  acceleration, 
and  the  vector  sum  of  vertical  and  longitudinal  acceleration  components;  and  (b)  ve- 
hicle impact  speed  and  average  speed  during  obstacle  traversal.  Linear  correlations 
of  vehicle  average  speed  with  peak  and  statistical  accelerations  were  determined  by 
regression  analysis.  From  the  corresponding  coefficients  of  determination,  the  sta- 
tistical values  were  found  to  exhibit  a much  higher  degree  of  correlation  with  vehicle 
average  speed  than  did  the  peek  values.  A series  of  constant-condition  tests  revealed 
that  the  statistical  descriptors  of  vehicle  response  were  superior  to  peak  values  in 
terms  of  repeatability.  ^ strategy  was  devised  for  displaying  test  results  in  compact 
graphic  form,  which  is  useful  for  predicting  vibration  severity  caused  by  traversal  of 
singx?  o^gtacles  and  can  be  included  easily  in  comprehensive  models  of  vehicle  mobil- 
ity. Statistical  and  peak  acceleration  values  were  compared  with  corresponding  values 
obtained  from  an  analytical  simulation  of  the  M37  truck  to  determine  whether  statis- 
tical descriptors  can  be  used  to  validate  analytical  models.  Further  model  testing 
will  be  required  before  conclusions  can  be  drawn. 

KEYWORDS:  Computerized  models;  Field  tests;  Mobility;  Ride  dynamics; 
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Current  theoretical  concepts  of  soil-running  gear  interaction  are  based  on  empirical 
pressure-sinkage  and  shear  stress-displacement  relations.  However,  tests  fro*  which 
these  relations  were  obtained  present  a poor  analogy  to  the  soil-running  gear  inter- 
action. Sela's  theory  of  the  relation  between  rigid  wheel  and  dry  sand  is  based 
exclusively  on  the  shear  stress-displacement  concept,  and  this  provides  an  excellent 
means  of  checking  the  concept.  Using  a simple  approximate  relation  between  the  M/RW 
ratio  and  the  mean  sheer-to-normal  stress  ratio  (t/o)  taken  over  the  total4  contact 
surface,  the  theory  was  checked  by  means  of  constant-slip  rigid-wheel  tests.  Results 
stongly  supported  the  conclusion  that  shear-displacement  relations  are  Irrelevant  to 
soil-wheel  mechanics.  A new  theory  was  developed  that  attempts  to  assess  the  variation 
of  t/o  along  the  soil-wh-»ei  interface,  without  referring  to  stress-displacement 
relations.  It  uses  the  soil  rupture  pattern  beneath  rigid  wheels  on  sand  to  subdivide 
the  total  interface  into  three  rones  of  different  soil  behavior.  This  theory  agrees 
better  with  test  data  than  other  theories. 


KEYWORDS:  Rigid  wheels;  Sands;  Soil-wheel  interaction;  Stresses  under  wheels 
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An  analysis  c"  experimentally  determine d stress  distributions  beteath  tires  on  said 
revealed  a strong  tendency  for  u’re  normal  stresses  to  b'  greater  ?rt  areas  of  higher- 
t’nan-average  .ire  rigidity,  i.e.  along  the  periphery  of  the  contact  patch  where  the 
tir^'  rigiditi  .s  augmented  by  tire  sidewall  sciiii'.e^s  and/or  lical  tire  flexing.  Th0 
question  aro  .0  as  to  whether  the  observed  phenomenon  could  be  used  advantageously  by 
directly  controlling  Qhe  tire  rigi&itv  pattern,  and  thus  favorably  influence  stress 
distribution,  'with  the  net  result  ol''  improved  'Lro  performance . An  experimental  wheel 
was  bui^t  to  test  this  principle;  its  performance  is  des.-rioed  in  this  report.  The 
control  of  local  tire  rigidity  v. . achieved  by  a systen  o:  .ix  nonrotating  hydraulic 
jacks  inside  the  wheel!  acting  against  a fixed  flexible  shoe,  along  which  the  inner 
surface  of  .ns  tire  slid  as  it  rotated.  Tests  with  sand  at  tvc  strength  levels  showed 
that  the  wh  ;ei  with  favorable  rigidity  distribution  'incroasirg  rigidity  to  the  rear 
of  the  soii-vhe-'l  interface)  developed  up  to  percent  more  pull  than  the  wheel  with 
unfavorable  rigidity  distribution.  The  greater  pul.  was  paralleled  by  an  efficiency 
increase  of  the  cane  order.  These  experimental  results  are  explained  'ey  theoretical 
computations  based  on  t'ne  variatior  of  assumed  stress  distribution  as  a function  of 
the  rigidity  pattern.  The  experimental  wheel  was  built  t,o  check  a principle  ratner 
than  *■<■)  be  used  as  a reans  of  locomotion,  but  the  pier  poet  of  applying  the  principle 
of  con-roiled  rig'iity  in  practice  is  shown  to  be  promising. 
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The  results  of  plate-siricage  tests  for  normal  loads  and  corresponding  loadsinkage  relations  for  towed 
vehi.ie;  're  frequently  expressed  by  the  simplified  sinkage  equation  p = kzn  , where  p is  the 
unit  tvjdO  or  pressure,  z the  sinkage,  k the  sinkage  modulus,  and  n the  sinkage  exponent.  It  is 
shown  that  this  equation  does  not  satisfactorily  represent  the  results  of  routine  plate-sinkage  tests  in 
a plastic  clay  and  in  a fine  cohesion’ »ss  sand  performed  at  //ES.  Expanded  theories  for  bearing  ca- 
pacity of  soils  are  reviewed  and  used  to  derive  dimensionless  pressure-smkage  relations  for  normal 
loads,  taking  size,  shape,  and  depth  of  the  loaded  area  into  consideration  The  trends  revealed  by 
these  equations  are  partially  substantiated  by  the  test  data,  but  significant  deviations  occur,  especially 
with  increasing  depth-diameter  ratios  of  plates  in  sand.  The  expanded  bearing  capacity  equations 
indicate  that  the  tangential  components  of  inclined  loads  encountered  beneath  powered  wheels  and  in 
plate-shear  tests  may  cause  failure  in  bearing  capacity  and  corresponding  large  additional  sinkages  be 
fore  the  oeak  shear  strength  of  the  soil  in  the  contact  area  is  attained.  WES  tests  with  ribbed  shear 
plates  also  show  that  failure  along  inclined  planes  at  t>  ribs  may  occur  at  low  normal  loads  before 
the  full  shear  streigth  is  attained  in  horizontal  planes  oeneath  the  ribs.  The  effect  of  these  occur- 
rences on  interpretation  of  the  test  data  is  discussed.  Recommendations  are  'ade  for  further  research 
to  determine  the  influence  of  size,  shape,  and  depth  of  the  loaded  area  and  of  a load  inclination  on 
the  load-sinkage  relations. 

KEYWORDS:  Dynamic  bearing  capacity;  Plate  bearing  tests;  Pressure- 

sinkage  relations;  Vehicle  sinkage 
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[ u.  ABSTRACT  j 

One  pneumatic  wheel,  four  metal-elastic  wheels,  ar.d  two  instrumented  vehicles  were 
laboratory  tested  in  a fine  sand  to  determine  their  relative  performance  and  to 
establish  a better  understanding  of  the  basic  principles  of  the  interaction  of  very 
lightly  loaded  wheels  with  a soil  whose  properties  were  varied  to  include  the  prob- 
able range  of  lunar  soil  properties.  Prograr.r.ed-slip  tests  wore  conducted  with  the 
single  wheels  and  the  vehicles,  thu  latter  being  tested  on  both  slopes  and  level 
surfaces.  Data  indicate  ti..'t  for  loads  less  than  about  220  K (501b)..  the  pull/slope- 
clinbing  ability  was  constant  for  a given  soil  condition.  At  greater  loads,  the  rate 
of  increase  in  performance  decreased.  The  effect  of  cohesion  on  performance  was  neg- 
ligible at  loads  less  than  about  220  N (50  lb),  but  the  effect  could  be  seen  at  higher 
loads.  The  results  of  with  the  metal-elastic  wheels  showed  that  none  could  be 

relied  on  to  propel  a va  ,.c  up  a 35-deg  slope.  Modifications  of  the  Bendix  and 
Grumman  wheels  enhanced  their  performance  to  the  point  that  they  might  be  expected  to 
climb  slopes  in  excess  of  30  deg.  Tests  with  modified  Boeing-GK  wheels  indicated  that 
they  might  be  used  on  slopes  up  to  about  25  deg  on  certain  soil  conditions.  The 
power  required,  in  whr/km,  for  operation  of  the  wheels  on  level  and  sloping  soil  sur- 
faces was  determined.  It  was  demonstrated  that  data  frem  single-wheel  tests  can  be- 
used  to  predict  the  slope-climbing  ability  of  a vehicle;  such  prediction*  tend  to  be 
slightly  conservative.  Results  of  tests  with  the  vehicles  indicate  that  the  torque 
coefficient  at  a given  slip  was  not  significantly  affected  by  vacations  in  surface 
slope  and  soil  strength. 

iCEYWOFOS:  laboratory  tests;  Lunar  roving  vehicles;  Sands;  Soil-wheel  interaction; 

Traff icabilitv;  Wheels 
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>ia.  i.orwam.i..iT.K  activity 


U.  S.  Army  Tanfc-Automoti"  e Command 
Warren,  Michigan 


This  study  was  conducted  to  (a)  evaluate  the  performance  of  the  8-ton 
XM559E1  GOER  when  operating  in  selected  Canadian  terrains  and  (b)  evaluate  the 
capability  of  the  WES  analytical  model  to  predict  the  performance  of  an  8-ton 
XM559E1  in  selected  Canadian  terrains.  Speed  and  motion  resistance  tests  on 
secondary  roads,  cross-country  speed  tests,  dravbar  pull-sl^p  tests,  and  towed 
off-road  motion  resistance  tests  were  conducted.  Where  pertinent,,  soil,  surface 
geometry,  and  vegetation  data  were  collected  before  or  rtxir  each  test,  and  speed, 
vertical  and  longitudinal  accelerations,  percent  wheel  slip,  and  drawbar  pull  were 
measured.  A comparison  was  made  of  actual  performance  and  performance  as  predicted 
by  the  analytical  model.  The  average  of  the  absolute  deviation,  of  actual  from  pre- 
dicted speeds  for  the  tests  conducted  was  1.36  mph. 


KEYWORDS:  Field  tests;  Goer  vehicles;  Mathematical  models;" Military  bases;  Military 

vehicles;  Mobility;  Mobility  models;  Performance  predictions;  Performance 
tests  (Vehicles);  Terrain  factors;  (Camp  Gagetown,  Canada;  XM559E1  Goar] 
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IS.  SHTHAZT 


The  U.  S.  Aray  Engineer  Waterways  Experiment  Station  analytical  aodel  for  predicting 
off-road  ground  mobility  was  used  to  evaluate  the  performance  of  six  wheeled  vehicles 
(M656,  Mj4A2,  K520,  M37B1,  K561,  rnd  N706)  and  four  tracked  vehicles  (M548,  K113A1,  Ml 16 
and  M571)  over  a selected  traverse  la  Thailand,  Maps  were  prepared  to  exhibit  the 
terrain  in  terms  cf  surface  composition  (soil  consistency),  surface  geometry  (slopes, 
rice-field  dikes,  etc.),  vegetation,  and  hydrologic  geometry  (rivers  and  streams).  The 
performance  of  each  vehicle  was  evaluated  in  terms  of  average  speed  over  the  traverse 
and  the  center  line,  average  fuel  consumed  over  the  traverse,  and  center-line  cargo 
delivery  rate.  The  vehicles  were  "rua"  over  the  traverse  under  dry-season  conditions 
(60  or  40  rating  core  index)  and  wet-season  conditions  (60  or  35  rating  cone  index) . 

Four  of  the  vehicles  (M656,  K54A2,  M520,  and  H548)  were  tested  also  under  we'-jeason 
conditions  of  80  or  40  rating  cone-  index.  Appendix  A describes  the  WES  analytical  model 
in  an  abbreviated  form;  Appendix  B,  the  evaluation  of  the  dynamic  response  of  the  M706; 
as-d  Appendix  C,  some  additional  general  analyses  of  the  effects  of  30il  strength  on 
vehicle  performance. 


KEYWORDS:  Field  tests;  Military  vehicles;  Mobility;  Performance  predictions;  Terrain 

factors;  Tropical  regions; (Thailand ] 
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II.  tumuiNTin  >OTU  la  smomsomima  mu-itamv  activity 

Naval  Ship  Systems  Command 
Department  of  the  Navy 
Washington,  D.  C.  20360 


<•  amitmact  Tests  were  conducted  at  four  riverine  sites  in  south  Louisiana  in  November 
19o9  to  evaluate  the  performance  of  the  Riverine  Utility  Craft  (RUC).  The  RUC  is  an 
amphibian  that  employs  a locomotion  concept  based  on  the  Archimedean  screw.-  It  moves  by 
two  counterrotating  rotors  that  give  forward  and  backward  thrust;  the  rotors  also  serve 
to  float  the  craft.  The  RUC  is  powered  by  two  380-hp  engines  and  is  designed  to  carry 
a payload  of  2000  lb;  the  gross  weight  of  the  RUC  is  13,000  lb..  Specific  purposes  of 
the  tests  were  to  (a)  develop  performance-soil  strength  (rating  cone  index)  relations  in 
terms  of  maximum  straight-line  speed,  maximum  maneuver  speed,  and  minimum  time  required 
to  turn  lBo  deg,  (b)  determine  water-exit  capabilities,  (c)  determine  the  speed  attained 
in  a variety  of  test  courses  and  terrain  types  commonly  found  in  wetland  marshes,  and 
(d)  determine  the  degree  of  anal"  - of  the  terrain  types  tested  with  terrain  types  at 
selected  areas  of  the  Mekong  Del  r.,  "outh  Vietnam.  The  specific  purposes  of  the  test 
program  were  satisfied.;  Test  results  indicate  that,  in  general,  the  RUC  can  operate  in 
the  riverine  environments  for  which  it  was  designed.  The  craft  s performance  is  most 
effective  in  water  and  wet  marshes  of  low  soil  strength.  The  RUC  also  has  a performance 
capability  in  areas  considered  restrictive  or  even  inaccessible  to  boats  and  other  am- 
hiblous  craft.  Appendix  A discusses  the  comparison  of  terrain  types  tested  during  the 
UC  program  with  those  identified  in  selected  areas  of  the  Mekong  Delta.  Appendix  B 
presents  detailed  descriptions  of  soil  profiles  along  the  Louisiana  test  courses. 

KEYWORDS:  Buoyant  screw  vehicles;  Field  tests;  Hydrologic  geometry 
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II  AIITNrCT 


This  study  was  performed  to  classify  and  map  terrain  for  ground  mobility  purposes  In 
accessible  areas  of  three  German  military  reservations  (Baumholder,  Bergen-Hohne , and 
Grafenwohr).  The  terralr  was  classified  In  terms  of  surface  geometry,  surface  compo- 
sition, vegetation,  and  hydrologic  geometry  factors  that  affect  vehicle  mobility. 
Mapping  of  the  terrain  factors  was  accomplish'd  through  interpretation  of  air  photos. 
To  provide  the  necessary  ground  control  data  for  photo-interpretation  processes,  a 
field  data  collection  program  was  conducted,  and  data  were  collected  according  to 
established  procedures.  The  field  data  were  tabulated  and  placed  in  established 
class  ranges  significant  to  ground  mobility.  Utilizing  the  field  data,  an  air  photo 
Interpretation  method  was  applied  to  estimate  the  established  terrain  factor-value 
classes  from  the  geometric,  tonal,  and  textural  characteristics  of  the  air  photo 
patterns.  Terrain  characteristics  were  extrapolated  from  the1  sample  to  the  unsanpled 
areas,  and  factor-family  maps  at  a scale  of  1:25, 0C0  were  prepared  of  the  three  study 
areas.  The  factor-family  maps  ware  then  compiled  into  areal  and  linear  factor-com- 
plex maps.  The  areal  factor-complex  sups  display  the  areal  extent  of  discrete  combi- 
nations of  factor-value  classes  of  surface  geometry,  surface  composition,  and  vegeta- 
tion factor  families.  The  linear  factor-complex  maps  display  the  factor  values  of 
linear  features  (1  e.  streams,  canals,  road  vmbaukments,  etc.)  and  the  surface  compo- 
sition and  vegetation  associated  with  them. 


KEYWORDS:  Airphoto  interpretation;  Mobility,  Temperate  regions;  Terrain  analysis; 

Terrain  classification;  Terrain  factor  maps;  Terrain  mapping; [West  Germany] 
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Washington,  D.  C. 

.ex 


The  purpose  of  this  study  was  to  evaluate  the  performance  of  ten  wheeled  end  five 
tracked  vehicles  In  the  areal  terrain  factor  complexes  of  the  synthalogous  (a  coined 
word  meaning  "synthetic  and  analogous")  theater  of  operations  (STOP)  using  the  U.  S. 
Army  Engineer  Waterways  Experiment  Station  (WES)  anal>tical  model. 

Input  data  used  by  the  model  were  (a)  terrain  data,  (b)  vehicle  characteristic::  and 
performance  data,  and  (c)  terrain-vehicle  performance  relations. 

Predictions  were  made  in  terms  of  speed,  fuel  consumption  rate,  and  delivery  rate  for 
each  vehicle  in  each  areal  terrain  factor  complex  of  the  temperate,  tropical,  and 
arid  climates  of  the  STOP  durl.  g the  dry  and  wet  seasons. 

A two-volume  report  was  prepared . Volume  T contains  the  application  of  WES  analytical 
model  for  evaluating  vehicle  performance  in  STOP  terrain  corplexes,  and  Appendix  A, 
which  describes  the  analytical  model.  Volume  II  contains  Appendices  B,  C,  and  D, 
which  give  the  vehicle  performance  predictions  determined  by  the  analytical  model  for 
the  tropical,  arid,  and  temperate  climate  theaters,  respectively. 
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In  anticipation  of  the  growing  need  for  various  types  of  seafloor-crawling  vehicles,  problems  of  sea- 
floor trafficability  and  of  ;ts  prediction  are  outlined  The  qualitative  comparison  between 
trafficability-related  land  and  seafloor  features  showed  that  soft-soil  mobility  is  the  central  problem 
for  s?af!oor-crawhng  vehicles.  Therefore,,  the  soft-soil  mobility  problem  was  given  the  strongest 
emphasis  within  the  state-of-the-art  review,  which  includes  a discussion  of  existing  seafloor-crawling 
vehicles  The  relative  merits  of  the  existing  basic  running  gears  are  discussed  and  weighted  with  re- 
spect to  diffeient  mission  profi'es  and  seafloor  characteristics,  and  four  (wheel,  track,  hanging  chain, 
and  sled)  selected  as  prime  contenders.  A largely  laboratory-confined  test  program  with  these  four 
nnning  gears  is  outlined  to  respond  to  the  problems  of  immediate  concern,  (a)  applicability  of 
existing  land  trafficability  prediction  techniques  to  seafloor  trafficalility  prediction  and  (b)  determina- 
tion of  go-no  go  entena,  which,  for  practical  reasons,  must  be  related  to  the  response  cf  remotely 
operated  seafloor  probing  devices.  A free-falling  two-part  cone  penetrometer  is  proposed  for  this 
latter  purpose. 
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The  speeds  of  the  MBT70  and  the  M60AIEI  tanks  jvvr  two  selected  tr-iv  TS'.s  in  West 
Germany  were  prf di cted  by  use  ,-,f  an  analytical  aod-l.  Vehieio  performance  relations 
extrapolated  from  previous  field  tests  with  similar  vehicles  and  from  terrain  data 
(surfa.  e geometry,  surface  e mp  siti  m,  vgetatl  >n,  anl  hydrologic  geometry)  col- 
lected along  and  adjacent  to  the  cel- cted  traverses  were  used  in  the  analysis.  The 
analytical  model  is  described  briefly,  and  the  development  of  the  vehicle-terrain 
relations  necessary  to  make  ipeed  predictions  -ver  the  traverses  selected  is  dis- 
cussed in  detail.  The  appli'ation  of  the  anaiytiea.  model,  the  .division  of  the 
traverses  into  discrete  sections,  the  factors  affecting  speed  In  each  section,  and 
the  prediction  of  the  speed  for  each  section  are  explained.  A comparison  of  the  pre- 
dicted speeds  for  the  two  vehicles  indicates  the  MBT70  to  have  the  higher  speed.  It 
is  suggested  that  aetual  field  tests  be-  condueted  with  the  vehicles,  when  practical, 
to  determine  the  accuracy  of  the  predictions  and  to  improve  the  quality  if  the  rela- 
tions used  in  the  analytical  model.  Appendixes  A,  B,  C,  and  D describe  the  deter- 
mination of  the  minimum  soil  strength  on  which  the  vehicles  can  operate,  the  classes 
used  to  describe  terrain  for  ground  mobility  purposes,  the  computer  program  used  to 
predict  dynamic'  response  of  the  vehicles,  and  the  effect  of  the  driver's  position  on 
speed  of  the  M6rAlEl  over  abrupt  surface  irregularities,  respectively. 

KEYWORDS:  Mathematical  models;  Military  vehicles;  Mobility;  Mobility 

models;  Performance  predictions;  Tanks  (Combat  vehicles); 
Terrain  factors;  Vehicle  speed;  [Germany;  M60A1E1  tank; 
MBT70  tank! 
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II.  SUNSUENSNTAAT  NOTES  IS.  SPONSORING  MILITARY  ACTlVITT 

U.  S.  Army  Materiel  Command 
Washington,  D.  C. 

IS.  ABSTRACT 

In  the  concept  phase  of  Mobility  Exercise  A (MEXA)  the  principal  purpose  was  to  design 
vehicles  capable  of  operating  in  remote  areas  of  the  world  where  extremely  soft  soils 
predominate,  and  to  develop  a program  of  tests  for  evaluating  these  vehicles  in  soft 
soils.  As  a result  of  the  MEXA  concept  phase,  two  2-1/2-ton  wheeled  and  one  2-1/2-ton 
tracked  vehicles  were  designed.  The  designs  of  the  vehicle  characteristics  were  in  part 
derived  from  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  soil  traffica- 
billty  system,  the  WES  mobility  numeric  system,  and  the  Land  Locomotion  Laboratory  soil 
value  system.  After  the  MEXA  vehicles  were  fabricated,  a field  test  program  was  deslgnei 
and  conducted.  A total  of  328  tests  were  conducted  on  level  clay  soils  at  two  sites 
near  Vicksburg,  Miss. , and  at  eight  sites  near  Fallon,  Nev.  The  purpose  of  the  test 
program  was  to  evaluate  the  performance  of  the  three  MEXA  vehicles  (MEXA  10x10,  MEXA  8x8, 
and  MEXA  track)  and  three  military  vehicles  (XM410E1,  M35A2  (mod),  and  M113)  on  a range 
of  soil  strengths.  Further  purposes  of  this  study  were  to  compare  the  performances  of 
the  three  MEXA  vehicles  with  those  of  the  three  military  vehicles  and  to  compare  the 
measured  and  the  predicted  performances  of  the  vehicles,  using  Che  three  prediction 
systems  from  which  the  MEXA  vehicles  were  designed.  The  measured  and  predicted  per- 
formance comparisons  are  presented  in  Appendixes  A,  B,  and  C,  Volume  II.  Test  results 
indicate  that  the  MEXA  vehicles  do  what  they  were  designed  to  do,  i.e.  perform  better 
on  soft  soils  than  military  vehicles.  However,  on  firm  soil  and  on  pavement,  perfor- 
mance is  not  as  good. 


KEYWORDS:  Field  tests;  Military  vehicles;  Mobility;  Performance  predictions; 

Trafflcablllty;  Vehicle  design; [Mobility  Exercise  A;  Nevada;  Vicksburg,  Miss.] 
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IS.  iroHURINCMUTAAT  ACTIVITY 

V.  S.  Army  Materiel  Command, 
Washington,  t>.  C, 

IS  ABSTRACT 

The  purpose  of  tills  study  was  to  develop  pertinent  vehicle-lateral  obstacle  relations 
for  three  vehicle  test  beds  (:fEXA  vehicles)  and  three  conventional  military  vehicles 
all  having  approximately  the  same  payload  and  to  compare  the  performance!?  of  the  MEXA 
vehicles  with  those  of  the  conventional  vehicles.  An  additional  purpose  was  to  de- 
velop a method  of  predicting  the  speed  of  a vehicle  maneuvering  in  lateral  obstacles. 
The  vehicles  were  tested  on  a firm,  level  surface  upon  which  was  imposed  a statisti- 
cally designed  array  of  obstacles  at  moan  spacings  of  14,  16,  16,  and  20  ft.  In  78  of 
the  118  tests  conducted,  continuous  measurements  were  made  of  vehicle  speed,  drive-line 
torque,  and  steering  angle.  In  all  tests,  measurements  ware  made  of  time  elapsed  and 
distance  traveled.  The  data  collected  permitted  the  development  of  useful  relations 
between  vehicle  width  and  minimum  obstacle  spacing  negotiable,  vehicle  speed  and  ob- 
stacle spacing,  vehicle  steering  angle  and  obstacle  spacing,  and  vehicle  speed  and  ob- 
stacle clearance.  Thc.se  relations  were  used  to  develop  a simple  method  for  relating 
the  maximum  speed  a vehicle  can  develop  to  obstacle  spacing  that  required  only  a knowl- 
edge of  the  vehicle  width  and  its  speed-traction  characteristics  on  a firm  surface. 

The  conventional  vehicles  traveled  faster  and  required  leas  arduous  steering  than  the 
'tF.XA  vehicles.  The  maximum  spacing  required  by  each  vehicle  appeared  to  he  a direct 
function  of  its  width;  all  vehicles  required  the  same  minimum  clearance  on  the  driver's 
side.  Appendix  A describes  the  use  of  speed-obstacle  spacing  relations  as  input  data 
for  an  analytical  model 

KEYWORDS:  Field  tests;  Military  vehicles;  Mobility;  Obstacles;  Performance  predictions; 

Performance  tests  (Vehicles);  Surface  geometry  factors;[Mobility  Exercise  A] 
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11.  SPONSORING  MILITARY  ACTIVITY 

U.  S.  Army  Materiel  Command 
Washington,  D.  C. 

IS.  ABSTRACT 


Fifty  tests  were  conducted  with  two  vehicles,  an  XM410E1,  8x8,  2-1/2-ton  cargo  truck 
and  the  MEXA  10x10,  2-1/2-ton,  wheeled,  articulated  test  bed.  The  vertical  obstacle 
test  course  at  WES,  on  which  rigid,  single  or  multiple  obstacles  of  various  heights 
and  shapes  can  be  tested,  was  used.  The  primary  purpose  of  these  tests  was  to  obtain 
data  to  relate  obstacle  height,  vehicle  speed,  and  vertical  acceleration  (at  selected 
locations  on  the  vehicle)  for  use  a3  input  to  the  AMC-71  cross-country  mobility  pre- 
diction model.  A secondary  purpose  was  to  provide  data  for  use  in  verifying  the  vehi- 
cle dynamics  prediction  models  using  test  data  for  the  XM410E1  and  MEXA  10x10.  Results] 
of  the  test  are  presented  by  curves  relating,  for  a series  of  obstacle  heights,  the 
speed  of  the  vehicle  at  contact  with  the  obstacle  versus  peak  accelerations  at  selected] 
locations  on  the  vehicle,  and  obstacle  height  versus  speed  for  a vertical  acceleration 
of  2.5  g's  in  the  driver's  compartment  and  vehicle  center  of  gravity.  Test  data  are 
compared  with  predicted  results  obtained  from  the  dynamic  response  computer  models  for 
both  vehicles.  The  results  indicate  among  other  things  that:  (a)  the  intensity  of 

vertical  acceleration  depends  on  the  location  in  the  vehicle;  (v>)  human  tolerance 
levels  are  reached  only  for  vertical  accelerations;  (c)  tire  pressure  can  significantly 
affect  peak  acceleration  relations;  (d)  for  a given  level  of  acceleration,  speed  de- 
creases with  an  increase  in  obstacle  height;  and  (e)  with  proper  input  the  mathematical 
models  can  be  used  to  adequately  simulate  speed-obstacle  height  relations. 

KEYWORDS:  Cargo  vehicles;  Field  tests;  Military  vehicles;  Mobility;  Obstacles; 

Performance  predictions;  Performance  tests  (Vehicles);  Ride  dynamics; 

Surface  geometry  factors; [Mobility  Exercise  Aj 
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Fifty  tests  were  conducted  with  two  vehicles,  an  XMLlOEL , 8x8,  2-1/2-xon  cargo  truck 
and.  the  MEXA  10x10,  2-1/2-ton,  wheeled,  articulated  test  bed.  The  vertical  obstacle 
seat  course  at  WES,  on  which  rigid,  single  or  multiple  obstacles  of  various  heights 
and  shapes  can  be  tested,  was  used.  The  primary  purpose  of  these  tests  was  to  obtain 
data  to  relate  obstacle  height,  vehicle  speed,  and  vertical  acceleration  (at  selected 
locations  on  the  vehicle)  for  use  as  input  to  the  AMC-71  cross-country  mobility  pre- 
diction model.  A secondary  purpose  was  to  provide  data  for  use  in  verifying  the  vehl- 
,cle  dynamics  prediction  models  using  test  data  for  the  XM410E1  and  MEXA  10x10.  Results 
of  the  test  are  presented  by  curves  relating,  for  a series  of  obstacle  heights,  the 
speed  of  the  vehicle  at  contact  with  the  obstacle  versus  peak  accelerations  at  selected 
locations  on  the  vehicle,  and  obstacle  height  versus  speed  for  a vertical  acceleration 
of  2.5  g's  in  the  driver's  compartment  and  vehicle  center  of  gravity.  Test  data  are 
compared  with  predicted  results  obtained  from  the  dynamic  response  computer  models  for 
both  vghicles.  The  results  indicate  among  other  things  that:  (a)  the  intensity  of 

vertical  acceleration  depends  on  the  location  in  the  vehicle;  (b)  human  tolerance 
levels  are  reached  only  for  vertical  accelerations;  (c)  tire  pressure  can  significantly 
affect  peak  acceleration  relations;  (d)  for  a given  level  of  acceleration,  speed  de- 
creases with  an  increase  in  obstacle  height;  and  (e)  with  proper  input  the  mathematical 
models  can  be  used  to  adequately  simulate  speed-obstacle  height  relations. 
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Performance  predictions;  Performance  tests  (Vehicles);  Ride  dynamics; 

Surface  geometry  factors; (Mobility  Exercise  A] 
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Assistant  Secretary  of  the  Army  (R&d) 
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Washington,  D.  C. 


jThe  study  reported  herein  is  an  analysis  of  the  penetration  of  circular  plate:  and 
smooth-walled  and  rough-walled  cylinders  in  two  rands,  each  prepared  at  three  strength 
levels.  rT>he  penetration  elements  ranged  from  2.5  to  6l  cm  in  diameter,  and  the  speed 
of  penetration  in  all  tests  was  2.5  mm/sec.  No  basic  differences  were  found  in  -lie 
shape  of  the  penetration  resistance  curves  for  plates  and  cylinders,  and  the  forces  on 
the  base  of  the  cylinders  were  only  slightly  higher  than  those  on  the  plates,  liie 
forces  due  to  friction  on  the  sidewalls  of  the  cylinders  were  greater  for  the  rough- 
|walled  cylinders  than  for  the  smooth,  as  could  be  expected,  but  they  did  net  vary  sys- 
tematically with  sand  density  in  either  case.  Collapse  of  the  data  into  a single  func- 
tion for  sand  was  achieved  by  plotting  a dimensionless  pressure  parameter  P/yi  versus 
a penetration  parameter  z/d  . This  gave  evidence  that  pressure-sin’-.age  relations,  and 
thus  bearing  capacity,  of  large  footings  can  be  predicted  from  model  teats.  Dimension- 
less scaling  relations  and  theoretical  equations  that  include  a friction  angle  term 
jwere  also  found  to  predict  bearing  capacity,  but  the  problems  in  measuring  a true  fric- 
tion angle  make  the  use  of  these  relations  questionable  for  this  purpose.  The  tests 
[were  deemed  successful  and  eliminated  irregularities  encountered  in  the  results  of 
routine  tests.  The  data  should  also  be  of  great  value  in  investigations  of  depth  fac- 
tors for  beering  capacity  of  sand.  This  report  will  be  supplemented  by  a report  cn 
similar  tests  in  clay. 

Footings;  Penetration  resistance  (Soils);  Sands;  Soil 
penetration  tests 


Unclassified 

fctwitr  CSSBCTT 


OOCUMf  NT  COHTtOC  DATA  - » & 0 

<2s£SU£jSliI!iS!!Z£!J!SSi£^Ll!^iilSilJSSJlSllSLSS^SiSJSSl£LStlSSii£S^^SSS£JSCiJ!£mllll!£t!lm 

(<  oMi«iM»TiM«  UTifitr  (CHW—  «<M)  k.  M»MT  Mown  ciunncanw 

. - — . Unclassified 


U.  S.  A ray  Engineer  Waterways  Experiment  Station  L. ~ aSoX*xc“ 

Vicksburg,  Mississippi  j **ow* 

» AtNONT  TlTC« 

PEKSTRA7ICK  RESISTANCE  0?  SELLS;  Renort  2,  3AMKA-SA?  TECHNIQUES  FOE  KOHDESTEUCTTVE 
MSASB3SEBTS  S?  SOIL  DENSITY  AK£  DENSITY  PROFILE 

t.  MKM>ti¥l  WTltdy^  W <«a>i  M Mkaln  Mm)  " 

Report  2 of  a series 


Albert  S.  Williamson,  Jr. 


November  1970 


Im.  nm  mo  or  r»n 


. •••.  o*  iters 


IM.  OM^DtATOri  At»OA T MWSHM 


fc.  tSOJtCT  MO  U A 01 3 001A93J) 


I tea  S 


I«*  MtTNItUrtON  ITATf**»»»T 


Technical  Report  M-70-14,  Report  2 


[M.  oThBR  MMtT  HOttt  f4 


AD  715  980 


Approved  for  public  release;  distribution  unlimited. 
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Assistant  Secretary  of  the  Army  (R&D) 

Department  of  the  Array 

Washington , D-.  C. 

U IWo.t ta  £tudy  was  conducted  to  de termini.-  the  feasibility  of  using  measurements  made 
with  a rmiltichannel  gamma-ray  spectrometer  anu  a cobalt  60  radiation  source  for  accu- 
rately determining  soil  density  and  resolving  the  density  profile  of  layers.  Measure- 
ments were  first  made  on  aluminum  and  steel  plates  to  establish  a standard  reference 
for  comparing  soil  density.  Two  sacrples  of  air-dry  said  were  constructed  at  different 
densities  to  a depth  of  approximately  120  and  125  cm  ir.  a pit  51.82  m long  and  3.5U 
wide.  Measurements  were  made  at  depth  intervals  of  12.7  cm  in  each  of  six  access  holes 
located  in  the  samples.  The  densities  determined  were  compared  with  densities  deter- 
mined by  nonnuclear  means.  Results  of  this  study  indicate  that  density  can  be  measured 
accurately  by  the  method  described  herein  provided  (^.J  the  thickness  through  which  the 
measurements  are  made  is  accurately  measured,  and  (d)  the  source  strength  and  detector 
are  suitable  for  the  distance  over  which  the  density  is  measured.  The  combination  of 
source  and  detector  that  was  used  permitted  defiiung  soil  density  profiles.  As  a re- 
sult of  this  study,  it  is  recommended  that  the  method  described  herein  be  used  for 
nondestructive  soil  density  measurements  where  the  density  beneath  the  surface  of  a 
sample  must  be  known. 
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This  report  is  the  third  in  a series  and  concludes  a study  intended  to  establish  scaling 
relations  of  forces  and  displacements  for  families  of  circular  foe  tings  (plates  and 
cylinders).  The  report  contains  the  basic  data  and  an  analysis  oi  the  penetration  re- 
sults obtained  from  tests  with  circular  plates  and  smooth-walled  aid  rough-walled  cyl- 
inders in  a fat  clay  prepared  at  two  strength  levels.  The  footings  ranged  from  2.5  to 
6l  cm  in  diameter.  In  general,  it  was  found  that  a dimensionless  equation  of  the  form 
P/c  * f(z/d)  , where  P is  pressure,  c is  soil  cohesion,  z is  depth  of  penetration, 
and  d is  diameter  of  the  footing,  appears  to  be  adequate  for  scaling  forces  and  dis- 
placements. However,  the  data  suggest  that,  in  weak  soils,  there  may  be  a minimum 
footing  diameter  below  which  the  scaling  law  does  not  apply.  A single  dimensionless 
plot  of  the  data  obtained  for  the  several  sizes  of  footings  is  not  supported  by  exist- 
ing bearing  capacity  equations . The  measured  curves  of  penetration  resistance  (on  the 
base  of  the  footings)  versus  depth  of  penetration  are  in  better  agreement  with  those 
computed  by  the  Meyerhof  equation  than  with  those  computed  from  Brinch  Hansen's 
equations . 


KEYWORDS;  Clays;  Footings;  Penetration  resistance  (Soils);  Soil 
penetration  tests 
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Six  versions  of  the  Boeing-GM  metal-elastic  wheel  were  laboratory  tested  in  a lunar 
soil  simulant  (crushed  basalt  that  was  processed  :o  have  a grain-size  distribution 
approximately  the  same  as  that  of  samples  collected  during  Apollo  11  and  12  flights) 
to  determine  their  relative  performance.  The  consistency  of  the  soil  was  varied  to 
cover  a range  of  cohesive  and  frictional  properties  to  simulate  soil  conditions 
assumed  to  exist  on  the  moon.  Programmed-slip  and  constant-slip  tests  were  conduc- 
ted with  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  single-wheel  dyna- 
mometer system.  Data  indicated  that  the  wheel  covered  with  metal  chevron  tread  over 
SO  percent  of  its  contact  surfact  may  be  slightly  superior  to  other  versions.  Soil 
accumulated  in  the  wheels  during  the  tests,  and  the  amount  seemed  to  vary  linearly 
with  slip.  Less  soil  accumulated  in  the  50  and  75  percent  chevron-covered  wheels 
than  in  the  open-mesh  one.  Pull/load  increased  rapidly  with  slip  to  a near  maximum 
at  15  to  25  percent  slip  for  all  wheels,  then  increased  slowly  to  100  percent  slip. 
This  suggests  that  the  operation  of  a vehicle  at  slips  higher  than  25  percent  for 
protracted  periods  invites  immobilization,  since  a small  increase  in  pull  requirements 
as  would  occur  if  a soft  soil  spot  or  a steeper  slope-  section  were  encountered  sud- 
denly, would  probably  induce  100  percent  slip.  Power  requirements  for  all  wheels 
also  rose  rapidly  at  slips  beyond  15  to  25  percent.  These  observations  reinforce 
the  practical  wisdom  of  using  20  percent  slip  as  a datum  from  which  to  compare  tha 
performance  of  wheels  (and  vehicles). 

KEYWORDS:  Flexible  wheels;  Laboratory  tests;  Lunar  roving  vehicles;  Lunar  soils;  Slip 

tests  (Vehicles);  Soil-wheel  interaction;  [Boeing-GM  wheels] 
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Advanced  Development  Office 
Advanced  Manned  Missions  Program 
Rational  Aeronautics  and  Space  Mmlnlstratlon 
Washington,  D.  C. 

Prograaaed-allp  testa  were  contacted  on  % lunar  loll  simulant  to  evaluate  the  performance  of  a 
firat-generation  Elastic  Loop  Mcfclllty  Syatea  (ELKS),  developed  by  Lockheed  Mlaallea  and  Space  Company, 

The  EIKS  waa  teated  with  three  types  of  surfaces  on  Its  outer  face:  (I)  grousered  with  sandpaper  strips 

glued  between  the  grousers,  (II)  smooth  with  sandpaper  strips  glued  on,  and  (ill)  grousered  without  sand- 
paper strips  between  the  grousers.  Soft-soli  performance,  and  obstacle-surmounting,  crevasse-crossing, 
and  slope -cl  lathing  capabilities  were  investigated.  Oats  Indicated  thst  the  energy  retirements  and  drawbar 
pull  developed  In  soft  soil  decreased  with  increasing  ELKS  spesd.  The  performance  was  not  affected  greatly 
by  the  various  track  surface  conditions  tested,  but  there  were  Indications  that  a redesign  of  the  track  sur- 
face might  Improve  the  performance.  The  aoft-soll  mobility  performance  parwvt'r*  for  the  EUC  are 
quantitatively  comparable  to  the  performance  parameters  of  the  lunar  Rover  Vehicle  wheel  designed  by 
Boeing  Ompany  and  General  Motors  Corporation.  The  step  obstacle -surmounting  capaolllty  was  dependent  on 
the  track  ourfsce  conditions  and  the  obstscle  surfaess  tested.  The  largest  rigid,  rough-surfaced  obstacle 
climbed  waa  30  cm  (12  In.)  high,  with  the  ELKS  operating  with  track  surface  condition  II,  above.  In  con- 
trast, the  crevoasc-croaalr.g  capability  vas  Independent  of  track  surface  condition  and  crevasse  eurfaces 
tested,  the  maxims*  crevasse  traversed  was  ll*0  e*>  (fc.6  ft)  vide.  The  slope-climbing  capability  of  the 
EIKS  was  dependent  on  the  track  surface  condition  and  the  manner  In  which  the  ELMS  was  linked  to  a two- 
wheeled trailer  that  simulated  a second  ELMS  unit.  The  EIKS  with  track  surface  condition  I,  above, 
climbed  the  maxi  rum  slope,  30  deg,  with  the  trailer  mounted  such  that  its  attachment  to  the  CMS  allowed 
free  pr l voting.  The  maximum  slope  measured  in  slope-climbing  tests  was  considerably  higher  than  would 
have  been  predicted  from  the  PpoA  value  obtained  in  the  level  soli  tests.  However,  there  are  certain 
Indication,  that  the  slope-climbing  capability  of  the  EIKS  can  be  predicted  flrem  testa  on  level  ground. 


KEYWORDS:  Field  tests;  Lunar  soils;  Obstacles:  Soil-track  inter- 

action; Tracked  vehicles;  Elastic  Loop  Mobility  System 
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IX.  xeoMXOKiNa  military  activity 

Weapon  Systems  Analysis  Directorate 
Office  of  the  Assistant  Vice  Chief  of  Staf: 
U . S . Army 

MaflhiagEfln.  P.  C.  . 

A study  aimed  at  the  analysis  of  existing  ground  models  wac-  initiated  by  WF.S  and  WNRE, 
Inc.,  under  contract  to  WES.  The  objectives  of  the  study  were  to  analyze  existing 
ground  mobility  models  in  order  to:  (a)  determ;  m their  general  level  of  usefulness  and 

applicability  to  predicting  cross-country  performance  of  ground  vehicles  in  rhe  real 
world;  (b)  select  the  models  that  appear  to  be  the  more  promising  for  this  purpose  anil 
determine  their  usefulness  and  applicability  in  more  definitive  terms;  (c)  point  out 
areas  of  the  latter  models  in  which  '.iditional  research  is  needed;  and  (d)'  develop  guide 
lines  for  future  development  of  ground  mobility  models.  Various  Army  sources  and 
unclassified  literature  were  canvassed  for  cross-country  performance  models  that  have 
been  used  or  seriously  proposed.  Ten  cross-country  models  were  selected  for  detailed 
examination.  The  study  produced  a compendium  of  existing  ground  mobility  submodels  and 
comprehensive  cross-country  vehicle  performance  models  that  have  been  used  or  have  a 
potential  for  future  use.  A structure  for  a NOW  cross-country  ground  mobility  model  is 
suggested,  along  with  some  minor  additions  that  do  not  require  a great  amount  of  effort. 
The  study  also  presents  a list  of  guidelines  for  the  future  development  of  ground 
mobility  models  along  with  plans  for  a future  research  program.  This  report  consists  of 
a main  text  containing  an  Introduction,  a presentation  and  analysis  of  single-feature 
models,  a description  and  analysis  of  cross-country  performance  models,  structure  for  a 
NOW  comprehensive  cross-country  model,  and  guidelines  and  plans  for  future  development 
of  ground  mobility  models;  and  two  appendixes  that  present  in  detail  the  soil-vehicle 
rod els  (Appendix  A)  and  stream-crossing  models  (Appendix  B)  examined  for  this  study. 
KEYWORDS:  Military  vehicles;  Mobility;  Mobility  models;  Performance  predictions;  State- 

of-the-art  studies 
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This  introductory  report  reviews  approaches  taken  by  major  investigators  of  the  soil- 
track  ' ystem  and  describes  in  detail  the  facilities,  techniques,  and  long-range  program 
that  tne  U.  S.  Army  Engineer  Waterways  Experiment  Station  will  use  to  develop  a compre- 
hensive, quantitative  description  cf  the  behavior  of  soils  under  track  loads.  The  re- 
port also  includes  a comprehensive  list  of  definitions  of  mobility  terms  applicable  to 
the  soil-track  system.  The  laboratory  model  track  to  be  used  in  the  program  is  a falrl 
large-scale  single-track  system  designed  for  use  in  a dynamometer  carriage-soil  bln 
arrangement.  Initially,  the  model  track  will  be  used  to  determine  the  primary  inde- 
pendent parameters  for  tracks  operating  in  air-dry  sand.  A similar  program  of  tests 
will  be  used  to  develop  a means  for  predicting  track  performance  in  fine-grained  soils. 
Tests  to  determine  track  performance  in  Layered  r.oll  systems  are  also  planned.  In  the 
final  stages  of  the  program,  the  data  developed  In  the  tests  wi?l  be  used  to  evaluate 
existing  track  performance  theories  and,  if  necessary,  to  develop  a new  theory.  Field 
tests  will  then  be  conducted  to  determine  to  what  extent  laboratory  developed  track 
performance  predlctlcu  terra  must  be  modified  to  predict  in-the-field  performance. 
Appendix  A describes  the  Flackett-Buraan  test  design,  which  will  be  used  to  identify 
the  most  important  variables  of  the  system  with  • minimum  of  testing.  Appendix  B 
presents  the  Waterways  Experiment  Station  mobility  index  formulas  for  tracked  vehicles. 

i 
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U.  S.  Army  Materiel  Comnand 
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A first-generation,  quantitative  description  of  straight-line  track  pull  per- 
formance in  a desert  sand  was  sought  by  laboratory  tests  of  a model  track.  Of  16  vari- 
ables selected  to  provide  a comprehensive  description  of  the  track-sand  system,  analy- 
sis of  three  Plackett-Burman  (statistical)  test  designs  showed  four  to  merit  initial 
study — soil  strength  G,  track  width  b,  track  contact  length  t,  and  load  W.  Principles 
oi  similitude  were  used  to  develop  three  dimensionless,  independent  terms — Poq/W,  b ft, 
and  Gi^/w — to  express  the  fui  ctional  relation  among  these  variables  and  PgQ  (pull  at 
20  percent  slip,  i.e.  near-maximum  null).  Data  analysis  demonstrated  that  the  last 
two  terms  can  be  combined  to  G(b/)3/2/V.  A simple  linear  regression  determined  the 
least-sou  ares  fit  of  P20/w  to  log  [G(bi)3/2/w]  as  P20/W  = 0.20^82  + O.I61U70  log 
[G(bZ  jV2/^] . Values  of  Sq  and  a^  in  P2(>Af  = a_  + a.  log  [G(bf)3/2^f]  were  relatively 
stable  in  regression  of  data  subgroups  separated  by  the  levels  at  which  G,  b,  ij  and  W 

were  tested.  Comparisons  of  linear  regressions  of  form  P2q/w  = 8q  + a.  log  (Gb  /V) 
(with  xi  +*xg  = 3.0  and  values  of  Xt  and  Xg  varying  from  0 to  3)  also  indicated  the 
optimum  prediction  term  to  be  . G(b/)3/2^j  ^ Finelly,  the  equation  from  a multiple 
linear  regression  of  Pgp/W  on  log  G,  log  b,  log  l , log  W did  not  describe  the  test  data 
significantly  hetter  than  did  the  simple  linear  regression.  From  equation  P2(>/V  = 8q  + 
a^  log  [G(bi  )3/2/rf] , expressions  were  obtained  for  P20,  W,  and  Pjjo/w  in  terms  of  Sq,  a-p 
k,  and  e,  where  k = G(o£)3/?,  fcr  two  performance  levels  of  particular  intereat,  the 
maximum-pull  and  zero- pull  conditions. 

KEYWORDS:  Laboratory  tests;  Mathematical  models;  Mobility  numbers;  Performance  pre- 

dictions; Sa'  Soil-track  interaction;  Track  performance;  Traff icability 
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U.  S.  Army  Materiel  Command 
Washington,  D.  C. 

A new  semlempirlcal  approach  was  attempted  to  predict  the  slope-climbing  capability  of 
wheels.  This  approach  consisted  of  determining  the  pull  performance  of  flexible  wheels 
on  yielding  slopes  by  two  extrapolations:  one  starting  from  the  theoretically  known 

pull  performance  of  flexible  wheels  on  unyielding  slopes,  and  the  other  from  experi- 
mentally determined  performance  of  rigid  wheels  on  yielding,  level  ground.  The  .result 
is  a prediction  equation  for  the  available  pull  of  elastlc-rim  vheels  (as  a particu- 
larly simple  case  of  pneumatic  tires)  on  deformable,  inclined  soils  in  terms  of  soil 
deformability,  cohesion,  and  internal  friction;  wheel  flexibility  and  load;  and  slope 
angle.  Various  reduction  faciors  developed  to  take  sinkage  and  load  effects  into 
account  were  adjusted  to  satisfy  known  conditions  and  to  make  the  two  extrapolations 
compatible.  By  solving  the  prediction  equation  for  zero  pull,  maximum  slope-climbing 
capability  can  be  determined;  and  •■y  solving  for  zei o slope,  the  maximum  pull/load 
ratio  on  level  ground  can  be  obtained.  Although  the  equation  lacks  theoretical  rigor, 
it  matches  the  extreme  conditions  on  both  snds  of  the  soil  and  wheel  deformability 
spectra  and  is  thought  to  describe  intermediate  conditions  with  a high  degree  of 
confidence.  The  equation  has  been  checked  numerically  only  for  the  test  conditions 
provided  by  elastic-rim  wheels  (Bendix  lunar  wheels)  because  they  exhibited  the  simple 
deformation  characteristics  that  were  needed  for  this  first  formulation  of  a new 
approach.  The  more  complex  behavior  of  tires  can  be  included  in  an  extension  of  the 
study. 
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A series  of  tests  was  conducted  with  a Lunar  Roving  Vehicle  (LRV)  wheel  operating  at 
yaw  angles  ranging  from  -S  to  +90  deg.  The  load  was  varied  from  42  to  82  lb  (187  to 
365  N),  and  the  speed  was  varied  from  3.5  to  10.0  ft/sec  (1.07  to  3.05  m/sec).  It 
was  noted  that  speed  had  an  effect  on  side  thrust  and  rut  depth.  Side  thrust,  rut 
depth,  and  skid  generally  increased  as  the  yaw  angle  increased.  For  the  range  of 
loads  used,  the  effect  of  load  on  performance  was  not  significant. 
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•a.  aaaMoaiMMUTtav  activity 

U.  S.  Amy  Materiel  Ccnmand 
Washington,  D.  C. 


mact  Three  pneumatic  tires  were  used  in  a laboratory  study  to  compare  the  perfor- 
mance of  dual  wheels  at  zero  spacing  with  the  performance  of  single  wheels  and  to  de- 
termine the  influence  of  tire  spacing  on  dual-wheel  performance.  One-pass  tests  were 
conducted  on  air-dry,  medium  dense  to  very  dense  sand.  The  data  were  analyzed  for 
powered  wheels  in  terms  of  pull,  torque,  and  sinkage  coefficients  and  of  efficiency, 
all  at  20  percent  slip,  and  for  towed  wheels  in  terms  of  towed  force  coefficients. 

The  existing  WES  performance  prediction  system  was  used  both  cases.  Results  showed 
that  a powered  dual  wheel  at  zero  spacing,  considered  as  two  wheels  sharing  equal  load 
and  exhibiting  equal  performance,  outperformed  a single  wheel  with  the  same  character- 
istics as  each  wheel  of  the  dual-wheel  configuration.  The  performance  of  powered  dual 
wheels  decreased  with  increasing  wheel  spacing  until  the  two  wheels  performed  like 
single  wheels.  This  critical  spacing  was  reached  when  it  became  two  to  three  and  one- 
half  times  the  width  of  one  of  the  wheels.  A dual  wheel  at  zero  spacing,  considered 
as  one  wheel,  performed  practically  the  same  as  a single  wheel  with  the  same  charac- 
teristics of  the  dual-wheel  configuration;  however,  the  dual  wheel  with  zero  spacing 
performed  more  efficiently  than  the  single  wheel  over  a certain  range  of  load,  deflec- 
tion, and  soil  strength  combinations.  Little  could  be  concluded  from  the  analysis  of 
the  towed  condition.  Qualitatively,  the  towed  force  coefficient  was  larger  for  duel 
wheels  than  for  a single  wheel,  its  magnitude  decreasing  with  increasing  spacing 
until  the  tewed  force  coefficient  of  the  single  wheel  was  reached. 
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Sir  versions  of  the  Pceing-GM  wire-nesh  wheel  were  laboratory'  tested  in  a lunar  sell  simulant, 
consisting  cf  a crushed  basalt  with  a grain-size  distribution  similar  to  that  of  samples  collected  during 
Apollo  11  and  L?  flights,  to  determine  tneir  relative  performance . The  consistency  of  the  soil  was  varied 
to  cover  a range  of  cohesive  and  frictional  properties  to  simulate  soil  conditions  assumed  to  exist  on  the 
moon.  Programed- si ip  and  constant-slip  tests  were  conducted  with  the  U.  S.  Army  Engineer  Waterways  Ex- 
periment Station  single-wheel  dynamometer  system.  The  performance  cf  the  wheel  covered  with  a metal  chevron 
tread  ever  }0  nercert  cf  its  contact  surface  was  slightly  superior  to  that  of  ?ther  tread  designs.  The 
amount  cf  soil  accumulated  in  the  wheels  during  the  tests  varied  linearly  with  slip.  Less  soil  accumulated 
in  the  50  and  7$  percent  chevrcn- covered  wheels  than  in  the  epen-nesh  one.  Pull/load  increased  rapidly  with 
increasing  slip  to  a near  maximum  -i*  15  to  25 4 slip  for  all  wheels,  then  increased  slowly  with  increasing 
wheel  slip  to  1904  slip.  This  behavior  suggests  that  the  operation  of  a vehicle  at  slips  higher  than  254 
for  protracted  periods  would  result  in  immobilizing  the  vehicle,  as  would  be  the  case  if  the  vehicle  weie 
required  to  negotiate  a sc  ft  soil  spot  or  a steeper  slope  section.  Specific  power  requirements  for  all 
wheels  tested,  as  depicted  by  the  power  number,  also  rose  rapidly  at  slips  beyond  15  to  ^54.  These  trends 
indicate  that  the  wheel  per^mance  at  204  wheel  slip  provides  a reasonable  measure  for  comparing  the 
limiting  mobility  performance  capabilities  of  several  versions  cf  the  basic  CMC  (wir** -mesh)  Lunar  Rcving 
Vehicle  (LRV)  wheel  type.  Following  the  selection  cf  the  Beeing-GMC  wheel  for  LRV,  additional  wheel-soil 
interaction  tests  were  conducted  in  the  lunar  soil  simulant  am  are  reported  i*'  Report  2 of  this  series. 
Appendix  A describes  in  detail  the  WES  tynaacmeter  system  in  which  the  LRV  wheel  was  tested. 
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5Vo  nearly  identical  Eoeing-GM  wire-mesh  Lunar  Roving  Vehicle  (LRV) 
wieels  were  laboratory  tested  in  a lunar  soil  simulant  to  determine  the  influence 
of  wheel  speed  and  acceleration,  wheel  load,  presence  of  a fender,  travel  direction, 
and  55:1  strength  on  the  wheel  performance.  Constant-slip  and  three  types  of 
programmed-slip  tests  were  conducted  with  the  U.  S.  Amy  Engineer  Waterways  Experi- 
ment Station  single-wheel  dynamometer  system.  Test  results  indicated  that  per- 
formance of  single  LEV  wheels  in  terms  of  pull  coefficient,  power  number,  and  ef- 
ficiency were  not  influenced  by  wheel  speed  and  acceleration,  travel  direction,  the 
presence  of  a fender,  or  wheel  load.  Of  these  variables,  only  load  influenced 
sinkage,  which  incieased  with  increasing  load.  For  a given  slip,  the  p.  11  coef- 
ficient and  power  number  increased  with  increasing  soil  strength.  However,  for  a 
given  pull  coefficient  or  slope,  slip  was  less  in  firmer  soil;  thus,  the  power 
number  decreased  and  efficiency  increased  with  increasing  soil  strength. 
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A field  test  program  was  conducted  with  four  tracked  vet  icles  to  determine  how 
strongly  the  presence  of  the  track  affects  ride  dynamics  and  to  guide  in  the 
development  of  6 mathematical  model.  The  'vehicles  were  towed  over  an  assortment 
of  obstacles,  first  with  tracks  installed  and  tuen  with  tracks  removed.  A direct 
comparison  of  dynamic  response  under  these  »wo  conditions  indicated  that  the 
influence  of  the  track  is  stror.gly  dependent  on  velocity,  and  that  mathematical 
models  of  tracked  vehicle^  must  incorporate  a track  contribution.  A mathematical 
model  that  portrays  essential  features  of  track  mecha-  ics  without  excessive 
detail  was  developed. 
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Project  WHEELS  la  a study  to  evaluate  the  perforaam  t of  Individual  atandard  aJlltary  tracks 
both  off  and  on  road  In  relation  to  thalr  alaalona  and  v.  caah  saving*  poaalbla  through  the  allalnaUon 
of  apecial  allltary  autoaotlve  feature!,  auch  aa  front-wheel  drive,  or  the  nee  of  connertlal  vehicle*  la 
some  alaalona.  Such  evaluation*  can  only  be  baaed  upon  the  aoet  reliable  aaaesaaienta  of  nobility  per- 
formance poetlble.  The  .‘jC-71  Ground  Nobility  Model  na  uied  to  aaaees  the  off-  and  on-road  speed  per- 
formance of  a croup  of  military  and  commercial  vehicle*  and  vehicle*  with  trailer*  or  howitzer*,  totaling 
18  case*  of  direct  intereat  and  6 reference  vehicle*,  ranging  from  1-ton  groaa  vehicle  weight  to  90~ton 
Croat  cmblned  weight.  The  terrain  data  used  in  predicting  off-road  performance  were  obtained  from 
transect*,  or  strips  of  ground,  about  3 by  52  km  located  in  Heat  Germany,  Thailand,  and  Arizona,  each 
representative  of  different  type*  of  climatic  zones  and  terrain  condition*.  Tha  road  data  used  In  pre- 
dicting on-road  performance  were  collected  from  aegaent*  of  primary,  secondary,  and  trail-type  roada; 
each  segment  waa  approximately  100  alia*  long.  Both  off-  and  on-road  performance  was  predicted  In  terms 
of  apeed  far  all  vehicles  and  vehicle-trailer  or  -howitzer  combination*  included  In  the  study.  Off-road 
speed  was  predicted  for  trzveraea  mads  up  of  five  straight  lines  equally  spaced  along  tha  length  of  the 
transects.  On-road  speed  was  predicted  for  the  total  length  sampled  In  each  road  category.  Several  off- 
road terrain  traverse  speed  predictions  were  made.  These  Included  epeed  made  over  a combination  of  areal 
(patches  of  homogeneous  terrain)  and  linear  (stream*  and  rivers)  terrain*  Identified  aa  Vj^q,  speed  over 
areal  terrain  (V100),  and  apead  over  areal  terrain  with  the  worst  10  percent  rioted  from  consideration 
(Von).  On-road  speed  predictions  ware  mad*  for  trails  (V,),  secondary  roada  (V2),  and  primary  roads  (V^) . 
Performance  la  terms  of  parcantag*  of  off-  and  on-road  ardaj.  terrains  la  th*  tcavaxaaa  and  trails,  re- 
spectively, that  the  vehicles  could  not  traverse  la  also  Indicated.  Bankings  of  the  performance  of  th* 
vehicles  considered  were  Bade  on  the  heels  of  the  Vqn  end  V,  epeeda  for  each  transect  or  road  artwork. 
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I*.  Aljrmcr 

The  purpose  of  this  study  was  to  develop  and  validate  a digital  computer  simulation  of 
the  ride  dynamics,  including  bounce,  pitch,  and  roll,  of  a general  single-hull,  solid- 
axle  vehicle  with  an  arbitrary  number  of  axles.  The  study  also  included  an  effort  to 
minimize  the  execution  time  and  thus  the  cost  of  the  simulation  by  providing  automatic 
determination  of  the  optimum  numerical  integration  Interval  to  be  used  at  each  point 
in  the  simulation.  The  numerical  Integration  method  used  was  the  Runge-Kutta-Merson 
method,  which  is  a fourth-order  method.  The  method  requires  five  derivative  eval- 
uations per  1 vtegration  and  provides  an  estimate  of  the  truncation  error  that  can  be 
used  for  automatic  Interval  adjustment.  Field  tests  of  a representative  vehicle 
traversing  a single  obstacle  at  three  different  speeds  and  a cross-country  terrain  at 
one  speed  were  simulated.  Graphs  are  presented  comparing  simulated  vehicle  responses, 
with  field  test  data  provided  b>  the  Waterways  Experiment  Station.  The  effects  of 
integration  step-size  on  simulated  vehicle  responses  are  illustrated  with  graphs  com- 
paring simulated  vehicle  responses  using  several  different  integration  intervals.  A 
discussion  of  criteria  for  automatic  management  of  the  integration  interval  is 
presented. 
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U.  S.  Army  Aviation  Systems  Command 
St.  Louis,  Missouri 


A brief  review  is  presented  of  the  current  state  of  the  art  of  criteria  for  determining 
the  ground-flotation  requirements  for  landing  gear  of  aircraft,  particularly  fixed-wing 
aircraft,  and  criteria  for  estimating  cross-country  performance  of  military  vehicles. 
Discussions  are  also  presented  of  three  soil  strength  parameters:  California  Bearing 

Ratio  (CBR),  airfield  <ndex  (AI),  and  cone  index  (Cl).  Results  of  tests  with  three 
helicopter  tires  in  prepared  and  natural  soils  are  presented,  and  relations  are  shown 
among  soil  strength,  towed  motion  resistance  of  some  assumed  helicopter  configurations, 
and  naxlmum-drawbar-pull  capabilities  of  selected  ground  vehicles.  Also  presented  is 
the  distribution  of  terrain  factors  mapped  In  a selected  West  German  transect  and  the 
probability  of  moving  helicopters  over  the  terrain.  So  single  soil  strength  measuring 
system  is  completely  adequate  for  characterizing  soil  conditions  for  the  purpose  of  es- 
timating performance  of  all  aircraft  and  all  ground  vehicles  in  all  operating  situations 
The  CBR  system  appears  to  be  adequate  for  prepared  surfaces  and  unprepared  surfaces  with 
CBR  above  about  2.5  when  estimating  the  ground-flotation  requirements  of  aircraft  and 
relating  the  requirements  to  the  design  capabilities  of  airfields  according  to  estab- 
lished criteria.  The  Cl  system  has  been  used  successfully  for  characterizing  soil 
strength  for  the  purpose  of  estimating  performance  of  ground  vehicles  on  unimproved 
terrain.  Limited  testing  reported  herein  indicates  that  the  Cl  system  can  be  used 
successfully  for  estimating  the  soil  strength  requirements  for  movement  of  helicopters 
over  unimproved  terrain;  therefore,  a procedure  can  be  established  wherein  design  re- 
qulrementn  for  helicopter  l*...dlng  gear  can  be  made* 

CRWORDS:  Aircraft  tires;  Ground  flotation;  Helicopter  landing  zones;  Helicopters; 

Soil  strength;  Soil-wheel  interaction 
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A mathematical  model  bearing  on  aspects  of  reliability  and  maintenance  of  ground  vehi- 
cles is  described  in  this  report.  The  structure  and  computational  attributes  of  the 
model  are  complementary  to  those  of  the  AMC-71  Ground  Mobility  Model.  The  principal 
product  of  the  vehicle  reliability  model  is  a probability  statement  such  as  the  fol- 
lowing: "The  probability  of  no  failure  of  an  M60  tank  having  an  accumulated  mileage 

of  171*  miles  and  a maintenance  history  of  immediate  replacement  of  failures  is 
7l*  percent  during  traversal  of  25  miles  of  terrain  having  stresses  whose  cumulative 
effect  is  35  percent  in  excess  of  standard  stresses."  Statements  of  this  nature  are 
made  for  a given  vehicle  traversing  terrain  of  given  attributes.  Pertinent  data  are 
obtained  directly  from  AMC-71.  Probability  data  are  required  in  the  form  of  prob- 
ability density  functions  for  the  vehicle  components  obtained  under  conditions  of 
reliability  stresses  previously  identified  as  standard.  Other  outputs  are  expected 
numbers  of  component  and  vehicle  failures,  effective  vehicle  mean  time  between  fail- 
ures, and  inherent  availability.  Problems  of  data  acquisition  are  discussed.  Two 
aspects  of  the  model  are  speculative  in  that  direct  data  sources  are  not  presently 
available:  (a)  specification  of  and  testing  at  conditions  of  terrain  regarded  as 

imparting  standard  stresses  to  reliability  and  (b)  characterizing  changes  in  reli- 
ability due  to  departures  of  stresses  from  their  standard  values.  Several  examples 
are  presented,  including  one  that  uses  data  gathered  during  an  intensive  reliability 
demonstration  prOr>_i  for  the  XM705  vehicles. 

KEYWORDS:  Maintenance;  Mathematical  models;  Military  vehicles; 

Mobility  models;  Reliability 
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Tests  were  conducted  to  evaluate  the  nobility  performance  of  a second-generation  Elastic  Loop  Mobility 
System  (ELMS  II)  developed  by  Lockheed  Missiles  and  Space  Coapany  for  the  National  Aeronautics  and  Space 
Administration  (NASA).  Performance  on  level  test  lanes  and  slopes  of  lunar  soil  simulant  (LSS)  and 
obstacle-surmounting  and  crevasse-crossing  capabilities  were  investigated.  In  addition,  internal  losses 
and  contact  pressure  distributions  were  evaluated.  To  evaluate  the  soft-soil  performance,  'wo  basic  soil 
conditions  were  tested:  loose  (LSSj)  and  dense  (-SSj).  These  conditions  embrace  the  spectrum  of  soil 

strengths  tested  during  recent  studies  for  NASA  related  to  the  mobility  performance  of  the  LRV.  Data 
indicated  that  for  the  tested  range  of  the  various  performance  parameters,  performance  was  independent 
of  unit  load  (contact  pressure)  and  ELMS  II  drum  angular  velocity,  but  was  influenced  by  soil  strength 
and  ELMS  pitch  mode.  Power  requirements  were  smaller  at  a given  system  output  for  dense  soil  than  for 
loose  soil.  The  total  system  output  in  terms  of  pull  developed  or  slope-climbing  capability  was  la' ger 
for  the  ELMS  II  operating  in  restrained-pit-h  mode  than  in  frce-pitch  mode.  The  angle  of  the  maximum 
slope  that  the  ELMS  II  climbed  in  free-pitch  mode  on  dense  soil  was  35  deg;  on  the  sane  soil,  but  w. th 
the  system  operating  in  restrained-pitch  mode,  the  angle  of  the  maximum  climbablc  slope  was  3d  deg,  and 
on  lo.se  soil,  it  was  27  deg.  The  smaller  maximum  slope  angles  for  restrained-pitch  mode  resulted  from 
load  being  transferred  from  the  ELMS  II  to  the  trailer,  which  was  used  during  the  slope  tests  to  stabi- 
lize the  single  unit.  If  this  load  transfer  can  be  overcome,  for  example  by  replacing  the  trailer  with 
a second  powered  unit,  this  two-unit  ELMS  should  be  able  to  climb  slopes  with  angles  up  to  38  deg  an 
dense  soil  and  up  to  about  35  deg  on  loose  soil.  The  slope-climbing  capability  can  be  estimated  from 
results  of  tests  conducted  on  level  ground.  The  maximum  rigid-step  obstacle  surmounted  was  46  cm  high, 
end  the  maximum  crevasse  crossed  was  100  cm  wide.  It  can  be  assumed  from  the  ELMS  performance  during 
these  tests  that  obstacles  and  crevasses  with  larger  dimensions  could  be  negotiated  if  the  trailer  were 
replaced  by  a zecond  powered  ELMS  II  unit  with  a Ditch-control  system  in  the  linkage  between  the  units. 
Interns!  losses  were  smaller  than  those  of  the  first-generation  ELMS  for  torques  up  to  about  60  percent 
of  the  total  available  torque;  for  higher  torques,  the  reverse  was  the  case.  The  contact  pressure  dis- 
tribution along  the  longitudinal  axis  of  the  loop  showed  maximum  contact  pressure  occurring  toward  the 
middle  of  the  loop,  whereas  the  transverse  cross-sectional  distribution  showed  pressure  concentrations 
at  the  loop  edges.  The  ELMS  II  showed  an  overall  superior  performance  as  compared  with  that  of  the 
first-generation  ELMS  and  the  wheels  used  on  the  U.  S.  Lunar  Roving  Vehicles. 

KEYWORDS:  Elastic  loop  mobility  system;  Lunar  roving  vehicles;  Lunai| 

soils;  Mobility;  Wheels 
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Itt-  AWSTRaCT  (CMInm  «n  rmvtmm  ml 4m  It  ntcittwy  antf  !4r  If  My  Mime*  inmbmt) 

The  problem  of  vehicle  mobility  is  a complex  one  in  that  a rigorous  analyti- 
cal treatment  of  the  mechanics  involved  between  vehicle  characteristics, 
such  as  geometry,  site,  and  driving  forces,  and  the  properties  and  responses 
of  S'il  that  supports  a moving  vehicle  has  not  been  developed.  In  general, 
immobilisation  problems  occur  as  a result  of  the  loss  of  or  excessive  demand 
for  traction  created  by  a combination  of  Binkage,  slope,  forces  applied,  ob- 
stacles, and  environmental  conditions.  Immobilisation  problems  associated 
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20.  ABSTRACT  (Continued) 

with  poor  traction  due  to  weak  soils  or  slippery  surfaces  are  not  li-Jted  to 
rigid  or  pneumatic-tired  wheels,  but  also  affect  powered  track  wheels  with 
grousers.  Two  approaches  have  been  followed  in  attempting  to  Bolve  the  soil- 
wheel  interaction  problem:  an  analytical  approach  based  on  the  elastic  solu- 

tion of  a plane  strain  problem,  and  an  experimental  approach  based  on  the 
relationship  between  the  shear  and  normal  streasea  that  may  occur  within  the 
vicinity  of  or  at  the  interface  of  the  soil  and  ‘.he  wheel  of  a moving  vehicle. 
The  analytical  solution  is  based  on  the  assumption  that  the  stresses  within 
the  soil  are  the  results  of  the  tangential  and  radial  stresses  created  by  a 
wheel  partially  embedded  in  soil  <-*th  an  impending  rotation.  The  Airy  stress 
function  was  used  in  representing  the  stresses  -within  the  soil  in  terms  of 
analytic  functions.  The  Schwarz-Christoffel  equation  was  used  to  transform 
the  geometry  and  the  boundary  condition  of  the  region  beneath  the  wheel  and 
to  match  them  vich  the  stress  functions.  The  Cauchy  integral  equation  was 
applied  on  the  transformed  boundary  conditions  to  obtain  the  shear  and  normal 
stress  at  any  point  within  the  region  of  the  soil-wheel  system.  A computer 
program  for  reducing  the  results  and  obtaining  numerical  values  of  the 
stresses  at  any  point  within  the  vicinity  of  the  wheel  was  also  written.  It 
is  believed  that  the  analytical  solution  developed  will  permit  the  evaluation 
of  stresses  within  the  soil  beneath  a wheel  that  result  from  various  combina- 
tions of  radial  and  tangential  stresses.  The  experimental  investigation  vas 
designed  to  investigate  the  shear  stresses  and  traction  forces  that  may  exist 
petveen  a model  rigid  wheel  or  tire  wheel  and  the  supporting  soil.  CH  mate- 
rial (Vicksburg  buckshot  clay)  was  compacted^ and  tested  in  an  annular  torsion 
shear  machine.  Four  types  of  specimens  were  tested  in  this  study:  the  t* rst 

se-ies  of  tests  consisted  of  shearing  homogeneous  soil  specimens;  in  the 
second  series,  the  soil  was  sheared  against  smooth  rubber;  in  the  third 
series,  the  soil  was  sheared  against  polished  stainless  steel;  and  in  the 
fourth  series,  a nonhomogeneous  soil  specimen,  with  upper  and  lower  halves 
having  different  water  contents,  was  sheared.  The  initial  normal  stresses 
used  in  the  test  program  were  5,  15,  and  30  psi,  and  all  specimens  were 
sheared  under  constant-volume  conditions  at  rates  of  shear  deformations  o.' 
0.002,  0.2,  and  2.0  in./min.  Test  results  showed  that  nonho«soge».“*us  soil 
specimens  with  upper  and  lower  halves  having  water  contents  of  26  ard 
16  percent,  respectively,  were  stronger  than  homogenous  soil  specimens  with  a 
uniform  water  content  of  26  percent  and  that  the  strengths  of  both  types  of 
soil  specimens  were  higher  than  those  at  the  interface  of  smooth  rubber  or 
polished  stainless  steel  and  soil.  Test  results  showed  that  the  strength  of 
nonhomogeneous  soil  specimens  was  higher  than  that  of  homogeneous  soil  speci- 
mens with  uniform  water  content,  and  the  strengths  of  both  types  of  soil 
specimens  were  higher  than  those  at  the  interface  of  omoota  rubber  or  pol- 
ished stainless  steel  on  soil.  The  results  also  sieved  that  the  shear  resis- 
tance developed  between  soil  and  rubber  is  much  higher  in  that  developed 
between  soil  and  polished  steel.  The  shear  stress  at  failure  for  all  test 
series  Showed  an  increase  with  increasing  initial  normal  st-ess  and  increas- 
ing rate  of  shear  deformation.  The  shear  stresses  at  the  interfaces  of 
smooth  rubber  and  soil  and  also  of  polished  steel  and  soil  dropped  sharply 
when  the  plane  of  contact  vas  covered  with  a film  of  water.  The  peak  shear 
stress  obtained  from  each  test  series  >%#  plotted  as  a function  of  the  cor- 
responding normal  stress  in  order  to  facilitate  its  use  in  analytical 
solutions . 


Unclassified 


Unclassified 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  (Wham  Data  KmtaaatQ  _____ 


| REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTION* 
BEFORE  COMPLETING  FORM 

S.  RECIPIENT'S  CATALOG  NUMBER 

4.  TITLE  M *■*«<!«) 

SMALL-SCALE  MOBILITY  TESTS  IN  FINE-GRAINED 
LAYERED  SOILS 

s.  TYPE  or  REPORT  S PERIOD  COVEREO 

Final  report 

s.  PERFORM! NO  ORO.  REPORT  NUMBER 

T.  AuYHORW 

Gary  D.  .twanson 
Thomas  R.  Pat in 

t.  CONTRACT  OR  GRANT  NUMSCRfaJ 

».  performing  organization  name  ano  acorem 

U.  3.  Army  Engineer  Waterways  Experiment  Station 
Mobility  and  Environmental  Systems  Laboratory 
P.  0.  Box  631.  Vicksburg.  Miss.  301 80 

10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  0 eoRK  UMI‘r  NUMBERS 

Project  1T161102B52A 
Task  01,  Work  Unit  6 

1).  CONTROLLING  OFFICE  NAME  AMO  ADORES* 

U.  S.  Army  Materiel  Command 
5001  Eisenhower  Avenue 
Alexandria,  Va.  22333 

12.  REPORT  DATE 

June  1975 

IS.  NUMBER  OP  PAGES 

—lh 

■*■  MONITORING  AGENCY  NAME  * AOORCSSflf  AtfMnat  ttmm  CantMlIJn*  OKI cm) 

IS.  SECURITY  CLASS,  (at  thla  report) 

Unclassified 

IS*.  DECLASSIFICATION/ DOWNGRADING 

schedule 

It.  DISTRIBUTION  STATEMENT  (at  0Um  Hapart) 

Approved  for  public  release;  distribution  unlimited* 

IT.  DISTRIBUTION  STATEMENT  (at  Ch#  *fc«fr*c<  an farad  In  Block  20 1 It  dltfarant  tram  X apart) 

ts.  SUPPLEMENTARY  notes 

It.  KEY  WORDS  (Conlhma  an  rararaa  at  da  ft  natataary  and  identity  by  black  nymbm) 

Fine  grained  soils  Soil  stratification 

Laboratory  tests  Soil  strength 

Mobility  tests  Soil-wheel  interaction 

Scale  models  Tire  tests 

[20.  AIST^ACT  (Continue  «i  rararw  aide  It  neceeaary  m4  tSanUty  by  W«*  m»Mr) 


Laboratory  single-wheel  tests  were  conducted  with  a 2.50-1*  t.'re  on  uniform  fine 
grained  soil  and  on  two  conditions  of  thick-layered,  fine-grained  soils:  con- 

dition I in  which  a soft  layer  was  placed  over  a firm  layer,  and  condition  II 
in  which  a firm  layer  was  placed  over  a soft  one.  In  both  cases,  the  smallest 
ratio  of  layer  thickness  to  tire  width  tested  was  0.33.  The  results  of  the 
baseline  tests  on  uniform  soil  snowed  that  the  WES  numeric  prediction  system, 
which  had  not  hitherto  been  used  for  such  a small  tire,  (Continued) 
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will  predict  the  performance  of  the  small  tire  as  accurately  as  it  predicts 
the  performance  of  a large  tire.  The  system  also  can  be  used  in  predictions 
for  layered-soil  systems,  if  the  soil  strength  of  the  top  layer  is  used  in  the 
numeric  and  as  long  as  the  lower  layer  is  relatively  strong  in  relation  to 
tire  loading.  When  the  soft  upper  layer  becomes  thin,  the  primary  phenomenon 
is  lubrication  of  the  firm  lower  layer  by  the  soft  upper  layer,  and  a different 
mechanism  is  involved.  When  a relatively  thick  soft  layer  overlies  a bard  one, 
the  change  in  pull  performance  increases  as  tire  deflection  is  decreased  for  a 
given  top-layer  thickness  and  wheel  load.  As  value*  of  the  clay  mobility 
number  increase,  the  critical  thickness  of  the  top  soil  layer  decreases  tad  the 
change  in  pull  performance  decreases.  Torque  performance  does  not  change  with 
the  ratio  of  top-layer  thickness  to  tire  section  width.  When  a hard  layer 
overlies  a soft  one,  pull  and  torque  performance  show  slight  tendencies  to 
decrease  with  thickness  of  the  top  layer.  Torque  requirements  increase  when 
the  tire  breaks  through  the  hard  layer  into  the  underlying  soft  layer.  Gen- 
erally, it  is  suggested  that  efforts  be  directed  toward  investigations  of  thin- 
layered soil  systems  instead  of  pursuing  further  the  problem  of  thick-layered 
soil  systems. 
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19  ABSTRACT 

Ihis  study  vas  performed  ns  an  outgrowth  of  the  interest  expres'..d  by  the  British 
•fer  Office  in  the  apparent  progress  made  by  the  United  States  in  identifying  soils 
from  aerial  phonography.  It  vas  a joint  undertaking  performad  by  personnel°fro:o 
Purdue  University  and  UES.  Tiro  separate  tests  verc  performed:  one,  sinulating 

rnergency  operation  -.onditior.s,  vas  completed  in  a 72 -hour  period;  the  other,  si-si- 
lsting  routine  intelligence  production,  vas  completed  v .thin  a six-veek  pe;  ..  Tne 
follow! ng  finished  products  vere  furnished:  (l)  necessary  explanatory  text  and 

Legends;  (2)  an  overlay  shoving  cross-country  movement  conditions  based  on  eva luetic 
sf  soils,  relief,  vegetation,  obstacles,  and  seasonal  variations;  (3)  an  overlay" 
»ho\.-ing  areas  suitable  for  airfields,  based  on  soils,  relief,  drainage,  obstacles, 
snd  aval]  ability  of  construction  real  crisis;  (4)  an  overlay  sho\dng  extent  of  photo 
: overage  and  indication  of  quality  of  photography;  and  (5)  a statement  giving  the 
;cem  composition  and  number  of  man-hou'  . required  for  the  production  and  reoreduc- 
:ion  stages  of  the  test  results. 


KEYWORDS.  Airfield  site  selection;  Airphoto  interpretation;  Trafficability 

I Trafficability  mapping; [EnGlandJ  ■ y’ 
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on  those  soils  that  give  erratic  values  in  the  standard  laboratory  moisture-content 
test. 
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IJ  ABSTRACT 


A 10-day  survey  van  made  by  a team  of  geologists,  engineers,  and  engineering  aides. 
Trafficabllity  maps  of  the  selected  area,  vere  then  prepared  at  a scale  of  1:25,000. 
Tro  analysis  described  and  presented  graphically  on  the  leaps  is  concerned  solely 
with  the  ability  of  f ih G tanks  (or  vehicles  of  equivalent  characteristics)  to 


operate  off  roads  on  natuial  soil  surfaces  in  the  area  surveyed, 
does  not  consider  vhe  use  of  special  vehicles  or  improvements  of 
surfaces  by  construction  methods. 
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USDA  Forest  Service.  Washington,  P.  C.  £031t> 

IJ  ABSTRACT! 

This  paper  presents  the  results  of  field  testing  of  nuclear  instruments  for  the 
purpose  cf  determining  if  such  instruments  could  be  -destituted  for  instruments 
now  in  use  by  toe  Forest  Service  to  eype-dite  collection  of  soil  moisture  and 
density  data  in  a study  being  conducted  for  the  Vaterways  Experiment  Station. 
Additional  tests  of  nuclear  insti -ner.ts  aie  being  conducted  by  the  Waterways 
Experiment  Station  and  Ohio  River  Division  laboratories.  Corps  of  Engineers, 
in  conjunction  with  airfield  construction.  This  report,  tv  rcforc,  is  to  be 
considered  an  interim  report  since  future  data  may  '.errant  evisJons  of  its 
contents. 
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II-  ABSTRACT 


She  U.  S.  Forest  Service,  in  cooperation  vith  the  Waterways  Experiment  Station, 
developed  methods  of  predicting  soil  moisture  in  the  Vicksburg*  Area . Tb  develop 
methods  for  other  soil  types  under  a variety  of  climatic  conditions,  extension 
studies  wore  established.  This  report  contains  the  results  of  the  Fairbanks, 
Alaska,  extension  study.  Climatic,  soil-roislure,  and  permafrost  records  ucre 
obteined  for  the  period  May  through  Septen.  er  I95I1.  Field  end  office  procedures 
used  vere  similar  to  those  previously  reported  in  Technical  Memorandum  Wo>.  3-331, 
Report  Ko.  3* 
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ts.  ABSTRACT 

The  engineering  sciences  of  aerodynamics  and  hydrodynamics  have  served  aircraft 
design  and  ship  design  well.  A comparable  basis  for  the  design  of  land-borne 
vehicles  must  be  evolved.  Hope  lies  in  soil  mechanics;  but  in  the  past  this  has 
been  concerned  with  stability  and  elasticity  problems  primarily  in  connection  with 
static  loads.  While  the  research  so  far  will  serve  as  an  excellent  foundation, 
a new  perspective— treating  of  dynamic  loads  on  materials  in  a plastic  state — 
must  be  evolved.  This  paper  discusses  research  being  conducted  at  the  Waterways 
Experiment  Station  along  these  new  lines. 
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U-  ABSTRACT 


A pilot  study  to  determine  the  suitability  of  the  WES  earth  pressure  cell  to  mea- 
sure stresses  under  stationary  and  moving  (driven)  pneumatic  tires  in  fairly  soft 
soil  showed  the  VIES  cell  to  have  the  same  utility  it  had  been  found  to  have  in 
previous  studies  of  stresses  induced  by  static  loads  in  firmer  soils.  Additional 
experience  in  testing  procedures  was  gained  which  may  be  applied  to  more  complete 
studies  in  the  future.  Interesting  comparisons  were  made  of  the  effects  of  tire 
pressure,  speed,  and  repetition  of  load  on  stresses  induced  at  various  depths  in 
the  soil,  and  of  measured  and  computed  stresses. 
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The  ability  of  a soil  to  support  the  movement  of  a military  vehicle — its  traffic- 
ability — can  be  quantified  in  terns  of  rating  cone  inde*:,  a parameter  that 
recognizes  not  only  the  strength  of  a soil  in  situ  hut  also  the  strength  it  will 
attain  under  a moving  vehicle.  The  principal  influence  on  the  rating  cone  index 
of  a soil,  especially  a fine-grained  soil,  is  the  amount  of  water  it  contains. 
Waterways  Experiment  Station  studies  have  shown  that  in  a humid  climate  the  top 
12  in.  or  so  of  a given  fine-grained  soil  attains  a certain  maximum  soil  moisture 
early  in  the  wet  season  and  maintains  this  moisture  with  very  little  deviation 
throughout  this  season.  The  field  maximum  offers  a practical  moisture  datum 
for  evaluating  the  trafficability  of  verious  soils.  In  this  report,  the  distri- 
bution of  the  rating  cone  index  values  measured  in  the  6-  to  12-in.  layer  at 
6Sl  sites  is  summarized.  A frequency  curve  of  these  date  can  he  used  to  ascertain 
the  percentage  of  areas  tested  that  'ad  rating  cone  indexes  below  a certain  value. 
By  spotting  the  rating  cone  index  requirement  for  a given  vehicle,  the  curve  also 
may  he  used  to  determine  the  percentage  of  area  trafficable  by  the  vehicle. 
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This  paper  presents  the  status  of  the  trafficability-nobility  studies  and  their 
application  in  the  solution  of  transportation  problems  facing  contractors, 
loggers,  miners,  and  agricultural  plantation  managers. 


KEYWORDS:  Mobility;  State-of-the-art  studies:  Trafficability 


DD  SA  1473 


222 


Unclassified 

Spntrifv 


Unclassified 
Security  Classification 


DOCUMENT  CONTROL  DATA  - R&O 


gwurily  tiwltlftim  •!  Uil».  Mr  mt  I owofaHon  mail  W wltwg  »**n  <M  Mtiall  it  ctotsffi*rf) 


«.  ORIGIN  A TIM  r ACTIVITY  |C«i^m  wM 

1«<  KCFORT  ftCCUfttTV  C LA1IIPICATION 

U.  S.  Army  Engineer  Waterways  Experiment  Station 

Unclassified 

Vicksburg,  Miss. 

1*.  group 

t.  REPORT  TITLE 


COMPARISON  OF  PERFORMANCE  CHARACTERISTICS  IN  SNOW  OF  -TOE  POLECAT  AND  WEASEL 

4.  DESCRIPTIVE  NOTES  (Type  *f  rmpmrl  art  kclbain  Amltt) 

Final  report 

4.  AUTHOR^  fL.*f  *«■«.  flf*l  IMM,  tnllitO  " “ 

Hula,  A.  A. 


ft.  RE  PORT  DATE 

Austust  1Qy8 

l6 

0 

• a.  CONTRACT  OR  CHANT  NO. 

fc.  ORIGINATOR'S  REPORT  NUMICI^SJ 

a project  no.  8-70-05-100,  Mobility  of 
the  Army 

Miscellaneous  Paper  No.  >282 

4. 

• a jthcj ^ne.dnt  no (S)  (Anr  •Out  mm> *•«  Ki.«  m;  4*  wlftO 

|ia  A V A IL  AUtLITY /LIMITATION  NOTICE* 

I 


Approved  for  public  release;  distribution  unlimited. 


»|.  SUPPLEMENTARY  NOTES 

It.  SPONSORING  UILITARY  ACTIVITY 

Chief  of  Engineers,  DA 

Washington,  D.  C.  20315 

IS.  ABSTRACT  1 

The  polecat,  an  articulated  vehicle,  was  compared  with  the  weasel  in  several 
teats  on  snow  ranging  from  l-l/2  to  4 ft  deep.  Results  showed  that  the  polecat 
created  slightly  deeper  ruts,  but  snow  strength  and  density  in  the  ruts  were 
about  the  same  for  both  vehicles.  The  depth  to  vhich  stresses  were  induced 
below  the  rut  surface  was  slightly  less  for  the  polecat.  The  polecat  exerted 
more  drawbar  pull  in  towing  and  required  less  when  being  towed.  The  polecat 
exerted  more  drawbar  pull  in  toeing  and  requires  less  wi.an  being  towed. > The 
polecat  excelled  in  comfort  and  maneuverability.  Additional  tests  in  highly 
remoldable  soils  are  recommended. 
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IS.  ABSTRACT 

To  obtain  an  approximate  measure  of  the  gross  effects  of  various  natural  influ- 
ences on  the  strength  of  a soil,  its  strength  under  natural  conditions  was 
compared  to  its  strength  under  similar  laboratory  conditions  of  moisture  content 
and  density.  The  test  area  vas  located  on  a lake  shore  where  the  soil  was  very 
uniform  in  type  and  decreased  in  moisture  content  with  distance  from  the  lake, 
giving  a wide  range  of  moisture  and  strength  conditions.  The  soil,  a heavy  clay, 
was  tested  for  moisture,  density,  and  cone  index  in  its  natural  state  and  in  the 
laboratory,  and  for  remolding  index  ir.  the  ■rield.  Principal  conclusions  were 
that  (a)  the  cone  index  of  a given  sample  at  a given  moisture  content  and  density 
varies  with  the  structure  and  compaction  history  of  tie  sample,  and  (bl  compaction] 
effort,  difference  in  water-holdir.g  capacity  of  the  soil  in  situ  and  after  labo- 
ratory treatment,  and  surcharge  are  the  principal  factors  affecting  laboratory 
density-strength-moisture  content  relationships. 
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This  report  presents  soil  and  meteorological  data  collected  during  the  summer 
months  (June,  July,  and  August)  of  1955  at  the  Arctic  weather  stations  located 
at  Alert  and  Mould  Boy,  and  during  June-September  1954,  1955,  and  1956  at  Eureka. 
At  each  weather  station,  three  test  sites  vere  established — one  at  a low  elevation 
one  at  an  intermediate  elevation,  and  one  at  a high  elevation.  Cone  index, 
moisture  content,  density,  depth  to  permafrost,  and  meteorological  data  were 
recorded.  The  data  were  not  sufficient  to  determine  relations  between  soil 
moisture  and  meteorological  parameters,  but  did  permit  an  approximate  evaluation 
of  trafficability  conditions  at  the  three  sites  during  the  summer  season. 
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A deaonstration  of  the  performance  of  the  aerial  penetrometer  in  several  soil 
conditions  ves  given  at  Fort  Rucker,  Alabama,  by  the  Air  Force  Cambridge 
Research  Center  and  was  attended  by  representatives  of  WES  with  the  objective 
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A brief  study  was  made  to  determine  the  effect  of  mold  size  on  cone  index.  Three 
fine-grained  soils  (two  silts  and  one  heavy  clay),  with  cona  indexes  ranging  from 
20  to  250,  were  tested  in  molds  ranging  from  1.9  to  IS. 5 in.  in  d:  meter.  The 
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size  of  the  mold  had  no  effect  on  cone  index  until  a certain  minimum  diameter  was 
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Use  of  mold  sizes  equal  to  or  above  this  curve  should  produce  cone  indexes  that 
are  relatively  free  of  the  confining  effects  of  the  mold.  It  is  recommended  that 
this  average  curve  be  used  as  a guide  in  the  selection  of  minimum  mold  diameters 
for  laboratory  investigations  of  the  strength  of  fine-grained  soils. 
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IS  ABSTRACT 


The  Jurgens.in  squeeze  test  was  studied  to  evaluate  the  possibility  of  using  it 
as  an  aid  in  understanding  the  strength-defornation  properties  of  soils  in 
vshide-nobil.  “y  research.  The  squeeze  test  was  easy  to  perform  and  did  not  re- 
quire expensive  equipment.  Its  results  correlated  well  with  the  results  of  the 
othcr  strength  tests  including  cone  penetrometer  measurements.  Results  of  this 
study  support  the  theory  that  the  snuceze  test  determines  the  average  strength 
of  the  soil,  whereas  the  triaxial  test  measures  the  strength  along  the  weakest 
plane.  The  squeeze  test  is  considered  suitable  for  initial  inclusion  in  labora- 
tory vehicle-nobility  research  programs. 
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U.  ABSTRACT 

Four  sites  in  the  Canal  Zone  were  studied  to  determine  whether  the  techniques 
used  to  develop  a soil  moisture  prediction  system  for  tempera te-c lima te  soils 
could  be  successfully  applied  to  tropica l-clim3te  soils.  Soil  moisture  and 
strength  data  were  collected  -eekly  at  the  sites,  and  climatological  data  daily, 
for  18  months.  Actual  soil-moisture  contents  on  the  starting  date  were  used  to 
start  the  predictions.  Comparison  of  predicted  end  measured  soil  moistures 
indicate  that:  (a)  the  techniques  used  to  develop  a soil-moisture  prediction 

system  for  temperate  climate  could  be  successfully  applied  to  tropical  soils: 

(b)  t’.c  average  soil-noisture  predictions  developed  from  temperate  climate  data 
can  be  used  with  some  success  on  tropical  soils:  (c)  the  quality  of  moisture 
content-strength  relations  for  tropical  soils  is  considerably  lover  than  similar 
relations  derived  for  tempers te-cliPiBtc  soils.  Conclusions  regarding  traffica- 
bility  of  the  region  during  the  wet  season  were:  (a)  upland  soils  are  generally 

treffic8ble  though  wheeled  vehicles  may  fail  to  climb  slopes  because  of  slipperi- 
ness; (b)  lowland  soils  are  generally  trafficeble  only  for  low-ground-pressure 
tracked  vehicles. 
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I).  ABSTRACT 

The  soil-moisture  prediction  method  previously  found  applicable  to  U.  S.  sites  was 
found  applicable  also  to  8 Puerto  Rico  prediction  development  sites.  Predictions 
based  on  data  collected  at  these  9 sites  were  reasonably  accurate  when  applied  to 
22  ether  sites  in  Puerto  Rico;  predictions  based  on  U.  S. -derived  data  were  some- 
what less  accurate,  principally  because  soil-moisture  depletion  rates  in  Puerto 
Rico  are  considerably  different  from  those  in  the  U.  S.  It  was  found  that 
(a)  Puerto  Rico  soils  do  not  lose  moisture  as  fast  as  U.  S.  soils,  and  the  rate 
of  loss  seems  to  be  unaffected  by  season;  and  (b)  the  average  rate  of  daily 
moisture  depletion  in  the  surface  to  12-in.  layer  of  Puerto  Rico  soils  is  about 
l/2  the  average  summer  rate  and  about  equal  to  the  spring-autumn  rate  in  humid 
climates  of  the  U.  S.  Soil-moisture  content  correlated  fairly  well  with  both  cone 
index  and  rating  cone  index  but  poorly  with  remolding  index. 
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II  ABSTRACT 


Soil  trafficahility  studies  have  shown  that  the  strength  of  a soil  is  of  major 
importance  to  vehicle  mobility  and  varies  principally  with  soil  moisture; 
therefore,  a means  of  predicting  moisture  content  of  a soil  is  essential  to  the 
forecasting  of  soil  trafficahility.  Tne  U.  S.  Army  Engineer  Waterways  Experiment 
Station  soil-moisture  prediction  method  for  U.  1.  soils  was  applied  to  sites  lo- 
cated in  the  Panama  Canal  Zone  to  determine  whether  the  method  was  applicable  for 
the  prediction  of  moisture  content,  of  tropical  soils.  Factors  necessary  for  the 
predictions  were  obtained  at  specific  sites,  and  analysis  of  data  shows  that  the 
method  is  applicable  to  Panama  soils.  Groundwater  did  not  have  an  appreciable 
influence  on  soil-moisture  depletion  since  drainage  from  the  0-  to  12-in.  layer 
was  rapid.  An  analysis  of  strength  data  showed  a highly  significant  relation  be- 
tween moisture  content  and  cone  index,  and  a lesser  degree  of  significance  between 
moisture  content  and  rating  cone  index.  No  relation  was  found  between  moisture 
content  and  remolding  index.  On  the  basis  of  rating  cone  index,  the  trafficabilitj| 
of  the  residual  soils  was  considered  good.  Trafficahility  of  the  alluvial  marsh- 
land soils  was  considered  good  during  the  dry  season  end  poor  during  the  wet 
season. 
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The  U.  S.  Army  Engineer  Waterway?  Experiment  Station,  (WES)  soil-moisture  pre- 
diction method  for  United  States  soils  was  applied  tc  sic'es  in  Colonibia  to  determine 
whether  the  method  was  applicable  for  the  prediction  of  moisture  content  of  tropical 
soils. 

Data  were  collected  at  four  prediction  development  sites  in  the  subhumid  climate 
of  the  "Sabana  de  Bogota"  located  in  the  Andean  Mountain  ranges  of  Colombia.  Changes 
in  soil-moisture  content,  soil  density,  and  soil  strength  with  changes  in  weather 
conditions  were  investigated  periodically  for  one  year. 

These  data  were  analyzed  and  used  to  predict  daily  soil-moisture  content  and  to 
establish  the  relation  between  soil  moisture  content  and  soil  strength.  The  results 
show  that  the  WES  soil-moisture  prediction  method  is  applicable  to  prediction  of  soil- 
moisture  content  at  the  four  sites  in  Colc-hia.  Data  were  of  sufficient  quantity  to 
establish  soil-moisture  depletion  cur  'es  for  each  site  but  not  of  sufficient  quantity 
to  establish  accretion  relations.  Relations  were  established  between  soil-moisture 
content  and  soil  strength  at  all  sites.  Trafficabllity  of  the  soils  tested,  as 
indicated  by  rating  cone  index,  was  good  even  when  the  soils  were  at  maximum 
moisture  content. 

Basic  data  and  photographs  for  each  test  site  are  included  as  Appendix  A. 
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Washington,  D.  C. 


Soil  trafficability  studies  have  shown  that  the  strength  of  a soil  is  of  major  impor- 
tance to  vehicle  mobility  ind  varies  principally  with  soil  moisture;  therefore,  a 
means  of  predicting  moistire  content  of  a soil  is  essential  to  the  forecasting  of 
soil  trafficability.  Tho  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES) 
soil-moisture  prediction  method  for  United  States  soils  w$s  applied  yo  sites  in  Costa 
Rica  to  determine  whether  the  method  was  applicable  for  the  predition  of  moisture  con- 
tent of  tropical  soils.  Data  necessary  for  the  predictions  were  collected  on  five 
sites  in  the  Premontane  wet  climate  of  the  Reventazfin  Valley  at  Turrialba,  Costa 
Rica.  Changes  in  soil  moisture  content,  density,  strength,  and  remolding  strength  wit 
changes  in  weather  conditions  were  investigated  at  regular  intervals  for  25  months. 
These  data  were  analyzed  and  useo  to  predict  soil-moisture  content  and  to  establish 
the  relation  between  moisture  content  and  soil  strength.  The  ‘analysis  shows  that 
the  WES  method  is  applicable  to  prediction  of  soil-moisture  content  at  the  five  sites 
in  Costa  Rica.  Groundwater  did  not  have  an  appreciable  influence  on  soil  moisture 
depletion  since  drainage  from  the  0-  to  12-in.  (0-  to  30.5-cm)  soil  layer  was  related 
directly  to  rainfall.  Topography  was  shown  to  influence  soil-moisture  content  to 
some  degree.  Analyses  of  strength  data  shoved  a highly  significant  relation  between 
soil  strength  and  moisture  content.  On  the  basis  of  rating  cone  index,  the  traffic- 
ability  of  the  soils  was  considered  poor  during  the  wet  season  and  good  during  the 
latter  part  of  the  dry  season.  Basic  data  and  photographs  for  each  test  site  are 
included  as  Appendix  A. 
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111.  SUPPLEMENTARY  NOTES 


HIT  ABSTRACT 


11*.  SPONSORING  MILITANT  ACTIVITY 

U.  S.  Army  Materiel  Command 
Washington,  D.  C. 


The  soil  moisture  prediction  method  for  soils  in  the  U.  S.  was  previously  applied  to 
eighc  sites  in  Puerto  Rico  and  was  found  applicable  to  those  soils.  The  study  reported 
herein  was  to ’determine  whether  the  prediction  method  was  applicable,  without  major 
modifications,  to  other  sites  in  Puerto  Rico.  Factors  necessary  for  the  predictions 
were  obtained  at  specific  sites,  and  analysis  of  data  shows  tj.at  the  method  is  appli- 
cable to  Puerto  Rican  soils;  however,  it  was  necessary  to  modify  the  method  when  the 
groundwater  table  was  within  the  surface  foot  fir  prolonged  periods.  Groundwater  did 
not  have  an  appreciable  influence  on  soil  moisture  depletion  when  the  water  table 
occurred  within  the  surface  foot  for  a short  period,  since  drainage  from  this  layer  was 
rapid.  At  sites  where  water  tables  existed  within  the  surface  foot  for  prclont-ei 
periods,  the  derived  depletion  curves  were  not  applicable.  An  analysis  of  strength 
data  showed  a highly  significant  relation  between  moisture  content  and  cone  index,  and  a 
lesser  degree  of  significance  between  moisture  content  and  rating  cone  index.  Only  3 
of  29  test  sites  showed  any  relation  between  moisture  content  amd  remolding  index.  On 
the  basis  of  rating  cone  index,  it  appears  tnat  sites  within  the  playas  and  adluvial 
plains  of  Puerto  Rico  may  present  trafficability  problems  throughout  the  year.  Other 
areas  with  goou  drainage  and  seasoned  rainfedl  may  not  he  trafficability  problem  eireas 
except  during  the  extremely  wet  period.  Basic  data  amd  photqgraphs  for  each  test  site 
are  included  as  Appendix  A. 

KEYWORDS:  Soil  moisture  prediction;  Trafficability  prediction;  Tropical  regions; 
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*».  a,mwmm  militant  activity 


U.  S.  Army  Materiel  Command 
Washington,  D.  C. 


Soil  trafficability  studies  have  shown  that  the  strength  of  a soil  is  of  major  impor- 
tance to  vehicle  mobility  and  that  strength  varies  principally  with  soil  moisture; 
therefore,  a means  of  predicting  moisture  content  of  a soil  and  knowledge  of  the  rela- 
tion between  soil  moisture  and  strength  are  essential  to  the  forecasting  of  soil  traf- 
ficability. The  U.  S.  Army  Engineer  Waterways  Experiment  Station  soil-moisture  predic- 
tion method  was  applied  to  sites  in  Hawaii  to  determine  whether  the  method  was  valid 
for  the  prediction  of  moisture  content  of  these  tropical  soils.  Data  were  collected 
from  January  i960  to  June  1961  at  34  sites,  on  three  Hawaiian  islands,  representing 
the  major  soils,  weather  regimes,  terrains,  and  land  uses  in  Hawaii.  The  data  from  11 
sites  were  analyzed  and  used  to  predict  daily  soil  moisture  contents,  and  data  from  all 
sites  were  used  to  determine  the  relations  between  moisture  content  and  soil  strength. 
The  moisture  prediction  method  was  found  valid.  Relations  were  found  between  moisture 
content  and  strength,  but  at  many  sites  they  were  poor  due  to  the  variability  of  the 
soil.  In  terns  of  rating  cone  index,  the  trafficability  of  the  upland  allophane  clays 
was  poor  througiout  the  year.  Trafficability  was  periodically  poor  following  high 
rainfalls  on  an  upland  soil  with  a perched  water  table  and  on  soils  from  alluvium  in 
the  lowlands.  Other  upland  soils  had  good  trafficability  throughout  the  year.  Basic 
data  are  included  as  Appendix  A. 
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11.  SUAALKMKHTAST  NOTES 


It.  SAONSORINS  MILITANT  ACTIVITY 

U.  S.  Army  Materiel  Ccamand 
Washington,  D.  C. 


A U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  soil  moisture  prediction  method 
was  modified  to  permit  predictions  to  be  made  with  a limited  amount  of  information  from 
a site.  Using  this  method  of  prediction  and  precipitation  records  from  weather  stations, 
a system  of  mapping  soil  moisture  contents  throughout  Costa  Rica  is  presented.  Using 
these  maps,  soil  moisture  contents  can  be  determined  for  any  site  with  knowledge  of 
only  the  field-minimum  and  field-maximum  moisture  contents  of  the  soil.  Soil  moisture 
predictions  made  for  65  Costa  Rica  sites  using  the  modified  method  compare  favorably 
jWith  predictions  made  in  the  United  States  using  the  WES  soil  moisture  prediction 
method.  Soil  strengths,  in  terms  of  cone  index,  were  predicted  using  a general  Costa 
Rica  soil  moisture-soil  strength  relation  and  using  specific  site  relations  derived  by 
simple  linear  regression  and  reduced  major  axis  regression  techniques.  When  predic- 
tions with  the  general  Costa  Rica  relation  were  compared  with  measured  cone  indexes 
they  fell  far  short  of  the  accuracy  of  the  predictions  using  the  other  two  prediction 
techniques.  Therefore,  this  simplified  method  was  abandoned  as  a reliable  prediction 
method,  and  predictions  of  cone  index  and  rating  cone  index  using  only  the  simple 
linear  regression  relations  are  presented. 
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IS.  ABSTRACT 

This  paper  presents  an  account  of  the  preliminary  research  into  the  area  of  soil 
mechanics  dealing  with  vehicle-soil  relations  conducted  by  the  Army  Mobility 
Research  Branch  of  the  Waterways  Experiment  Station,  and  describes  the  test 
procedures  used  and  the  results  obtained. 
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II.  ..ON.ORINS  MILITANT  ACTIVITY 


I..  A.1TRACT 


A portion  of  the  unsurfaced  runvays  of  Rogers  Dry  Lake,  Edvards  Air  Force  Base, 
California,  was  subjected  to  traffic  applied  with  a test  load  cart  having  a gross 
weight  of  280,000  lb  and  carried  on  a twin-twin  gear  assembly.  Tire  inflaticn  pressures 
ranged  between  2.75  and  325  psi.  The  primary  objectives  of  traffic  were  to  determine 
(a)  whether  the  soil  strength  of  the  lake  bed  was  adequate  to  support  a load  of  this 
magnitude,  and  (b)  the  effect  of  load  repetition  on  the  load-carrying  capacity  of  the 
soil.  It  was  also  desired  to  determine  the  .ate  of  pressure  build-up  that  might  be 
expected  in  tires  inflated  with  air  only  and  towed  over  a prescribed  route.  The 
traffic  resulted  in  some  settlement  of  the  soil  and  also  the  displacement  of  a friable 
crust  of  varied  thickness  in  some  r. v the  areas  tested. 
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IS  ABSTRACT 


This  paper  describes  in  detail  the  ground  mobility  research  laboratory  established 
at  the  Waterways  Experiment  Station.  All  components  in  the  laboratory  are  de- 
scribed, together  with  procedures  employed  in  the  research  being  conducted.  This 
laboratory,  with  its  facilities  for  the  careful  control  and  measurement  cf  vehicle 
and  soil  features,  and  its  flexibility  and  speed  of  operation,  is  ideally  suited 
for  the  engineering  research  needed  to  develop  the  principles  of  vehicle  operation 
on  all  kinds  of  terrain.  It  is  expected  that  this  researen  will  lead  to  the 
production  of  Army  ground  vehicles  with  the  highest  mobility  characteristics. 

(See  Technical  Report  Mo.  3-666,  Report  No.  1,  for  a more  up-to-date  report  on 
the  mobility  laboratory. ) 
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II.  AMTKACT 


Wie  Flcx-Trac,  a multipurpose  cross-country,  six-  and  four-wheel-drive  vehicle, 
is  articulated  vertically  at  the  wheel-base  center,  enabling  the  vehicle  to  assume 
a 'svay-back  position  (front  or  rear  end  higher  than  center),  an  arched-back 
position  (center  wheels  off  ground),  or  a "float"  position  (free  articulation  of 
all  wheels).  Self-propelled  and  towing  tests  were  made  on  soft,  level  terrain  to 
determine  performance  characteristics  in  terms  of  soil  strength  required  for 
operation,  linkage,  slippage,  and  drawbar  pull,  and  to  determine  cone  index  re- 
quirements wj th  the  vehicle  in  six-  and  four-wheel  drive  in  the  various  positions. 
From  these  limited  tests  the  vehicle  appesrs  able  to  operate  on  soil  of  slightly 
lower  strength  than  estimated  from  the  computed  cone  index.  The  principal  contri- 
buting factor  to  the  possibly  better  performance  is  the  balanced  weight  distribu- 
tion on  the  six  wheels.  Excerpts  from  the  manufacturer's  brochure  are  included 
as  Appendix  A. 
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The  paper  deals  primarily  with  the  physical  •„  omponents  of  the  shear  strength  of 
remolded,  saturated  clays  and  with  the  various  factors  which  influence  these  com- 
ponents. The  results  of  subsequent  research  by  others  are  taken  into  consideration 
and  summarized  when  appropriate,  but  the  paper  is  not  a complete  review  of  the  very 
extensive  and  important  research  on  sheen*  strength  of  saturated  clays  performed 
during  the  last  twenty  years.  The  sources  of  error  in  the  tests  performed  by  the 
writer  are  discussed,  and  emphasis  is  placed  on  clarification  of  the  assumptions 
and  limitations  relating  to  the  conclusions  and  formerly  proposed  criteria  for  the 
shear  strength  of  saturated  clays. 
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I*.  ABSTRACT 


Trafficability  teats  were  conducted  to  investigate  performance  in  soft  muck  and 
clean  sand  of  the  Jumbo,  a 5-ton  *ixU  truck  fabricated  from  conmacitiLly  available 
components  and  equipped  with  large  (18.00-26) tires.  In  muck,  the  Jumbo  could 
complete  Lo  to  50  passes  on  areas  with  e ratine  cone  index  of  56,  several  points 
lower  then  cone  indexes  required  for  wheeled  military  vehicles  of  approximately 
the  same  weight.  In  sand,  the  Jumbo  easily  climbed  grades  that'could  not  have 
been  negotiated  by  an  M135  2-l/2-ton  6x6  cargo  truck  at  the  same  tire  pressures. 
The  limited  test  program  indicated  the  Jumbo  to  be  a better  soft- ground-crossing 
vehicle  than  standard  military  vehicles  of  approximately  the  same  weight. 
Additional  testing,  particularly  in  soft  mineral  soils  and  soft  snow,  is  needed 
to  evaluate  the  vehicle  fully.  The  computations  for  determining  the  vehicle 
cone  index  of  the  Jumbo  truck  for  operation  in  fine-grained  soils  are  included 
•a  Appendix  A. 
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l«»  AOSTRACT 


The  Airoll  represents  a new  concept  of  locomotion.  Its  propulsion  system  comprise 
free-rolling,  low-pressure,  pneumatic  tires  mounted  on  endless  chains  rotating 
about  driving  sprockets  and  return  idlers.  It  can  move  with  two  different  and 
distinct  types  of  action  of  the  tires  on  the ' ground— rolling-wheel  track  and 
stationary-wheel  track  actions.  Self-propelled,  towing,  end  towed  tests  were 
conducted  on  a range  of  soils  to  determine  the  Airoll's  performance  undo--  off-road 
conditions.  Results  indicate  that  (a)  it  can  travel  on  soft  muck  and  vct‘ fine- 
grained soils  negotiable  by  no  known  military  vehicle  of  equal  weight;  (b)  its 
slope-climbing  ability  in  clean  sand  compares  with  that  of  tracked  vehicles; 

(c)  its  towing  ability  on  firm  soil  is  less  than  that  of  tracked  vehicles;  (d)  the 
force  required  to  tow  it  compares  with  that  required  for  tracked  vehicles;  and 
(e)  its  rolling-wheel  end  stationary-wheel  track  features  give  it  greater  travel 
efficiency  on  most  soils  than  tracked  vehicles.  Appendix  A describes  the  Airoll 
suspension  system;  Appendix  B eivea  the  computations  of  its  vehicle  cone  indexes. 
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tj  ABSTRACT 


Instruments  and  techniques  developed  by  the  U.  S.  Army  Corp'  of  Engineers  for  the 
direct  measurement  end  remote  estimation  of  the  traff  J.cabiliiy  of  fine-grained 
soils  and  prediction  of  performance  of  military  vehicles  are  summarized  in  this 
paper.  A simple,  empirical  measure  of  soil  strength,  called  rating  cone  index, 
adequately  describes  the  traff icabili ty  of  a fine-grained  soil  end  serves  as  the 
basis  for  confident  prediction  of  military  vehicle  performance  in  terms  of  single 
or  multiple  passage  across  a level  area,  dravbr.r  pull  available  for  towing  loads 
or  climbing  slopes,  and  forces  required  to  to’.;  nonself-propelled  vehicles. 
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19.  ABSTRACT 

A study  was  made  of  pertinent  soil  trafficability  data  collected  during  the  wet 
season  at  more  than  1300  sites  located  principally  in  hiuaid-temperate  regions 
of  the  United  States.  The  soils  were ' identified  according  to  the  Unified  Soil 
Classification  System  and  U.  S.  Depart:'', ent  of  Agriculture  textural  classification 
system,  topographic  position,  and  two  genercl  levels  of  wetness , A scheme  for 
classifying  soils  according  to  their  trafficability  was  developed.  The;  scheme 
lists  the  soil  types  in  order  of  decreasing  strength  under  each  of  four 
topography-general  wetness  level  categories,  and  shows  the  probability  of  success- 
ful passage  on  each  soil  for  vehicles  with  known  soil  strength  requirements. 

This  scheme  permits  the  estimation  of  the  probability  of  a successful  operation 
under  given  soil  type,  topography,  and  general  wetness  level  conditions..  Given 
the  choice  of  several  routes  and  vehicles,  the  determination  can  be  made  of  the 
vehicles  with  the  best  chances  of  success  over  e given  route  or  which  route  is 
best  for  given  vehicles. 
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11.  ABSTRACT 

Tests  to  determine  the  behavior  of  sand  under  pneumatic  tires  are  being  conducted 
in  a special  facility  of  the  Army  Mobility  Research  Branch  of  the  Waterways  Ex- 
periment Station.  The  operation  of  a dynamometer  t srriage-soil  bin  system  pro- 
vides a continuous  record  of  the  performance  of  r cire  or  track  for  slip  values 
ranging  from  slightly  negative  to  100  percent.  Tests  with  three  pneumatic  tires 
of  the  same  overall  diameter  but  of  different  cross-section  widths  have  hoen  con- 
ducted on  an  air-dry  sand.  Results  show  that  the  performance  of  these  hires  on 
the  first  pass  is  dependent  only  upon  wheel  load  and  sinkage.  If  other  factors 
exert  an  influence  on  performance,  their  effects  are  reflected  in  sinkage.  The 
test  data  show  that  the  total  traction  force  developed  by  the  test  tires  is  ap- 
proximately 0.39  times  the  tire  load.  These  results  are  supported  by  an  analysis 
of  the  forces  acting  on  the  wheel.  Problems  yet  to  be  solved  are  outlined  briefly. 
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The  principal  elements  of  landscape  that  affect  the  capability  of  vehicles  to 
travel  cross  country  are  topography,  surface  composition  and  consistency,  vegetative 
cover,  and  hydrography.  These  elements  combined  in  various  ways  tend  to  deny  and 
alow  movement,  decrease  efficiency,  increase  maintenance.  Increase  driver  fatigue, 
and  control  direction.  This  paper  presents  a few  techniques  which  have  been  developed 
to  classify  and  map  terrain  elements  in  objective  and  fairly  quantitative  terms. 
Techniques  of  this  type  may  eventually  permit  valid  evaluations  of  trafficabllity  and 
mobility  characteristics  of  specific  areas. 


KEYWORDS:  Mobility;  Terrain  classification;  Terrain  factors;  Terrain  mapping 


Mn  PSWI  I1V4  AfTkACIIM  >•**  Mil.  I 

UUim.t«1470  OMMLKTK  PM  AMMIT  IMS. 


JAM  *4.  MCE  I* 


Unclassified 

f*o,Hrv  CUnthcaUo* 


251 


Unclassified 

Security  Classification  H 

DOCUMENT  CONTROL  DATA  • RAD 

(Security  c(«n///c*(ion  ot  tilt a,  body  o / abstract  and  induing  mr\i\otation  moil  6*  antarad  whan  thi  o»«r*/l  import  li  ttaaalfiad) 

I.  ORIGINATIN  C ACTIVITY  (Corpo'Sf  •ulhor)  |l«  REPORT  Itcuni  Tr  C LAlliric A TION 


U.  S.  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Miss. 


Unclassified 


1.  REPORT  TITLE 

COMPARISON  OF  TRAFFICABILITY  OF  MUSKEG  WITH  TRAFFICABILITY  OF  OTHER  SOFT  SOILS 


4.  DESCRIPTIVE  NOTE$  (Typa  ot  ta port  and  Inctuaiva  dataa) 

Final  report 


j.  AUTHORfSj  (Laat  noma,  tint  name,  Initlmt) 


Rula,  A,  A. 


4-  f»EPO  RT  OATE 


• «.  CONTRACT  OR  GRANT  NO. 


9#  ORIGINATOR'S  REPORT  NUMBCRfSJ 


k project  no.  8S70-05-001  Miscellaneous  Paper  No.  L-I|!|6 

Trafficability  and  Mobility  Research 
•Subproject  No.  -02, 

Surface  Mobility  (Trafficability) 


94.  OTHER  REPORT  NOfSj  (Anyolhif  numbif*  dial  may  bm  aaaldnad 
thla  rape  it) 


AD  75L  332 


tO.  A V A IL  ABILITY/LIHITATION  NOTICES 


Approved  for  public  release;  distribution  unlimited. 


It.  SUPPLEMENTARY  NOTES 

Presented  at  Second  Meeting  of  the 
Tripartite  Working  Group  on  Ground 
Mobility,  Canada,  September  i960. 


t)  ABSTRACT 
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In  this  paper,  the  trafficability  of  muskeg  is  discussed  in  some  detail  and 
compared  with  that  of  other  soft  terrains,  namely,  muck,  lacustrine,  deltaic, 
and  tidal  land  forms.  Trafficability  is  compared  on  the  basis  of  the  respec- 
tive strength  profiles  in  the  various  soils  and,  where  appropriate,  on  the 
basis  of  rating  cone  index.  Other  trafficability  factors,  such  as  slope,  sticki- 
ness, and  sliperiness,  are  discussed  where  applicable.  The  final  assessment 
of  the  trafficability  of  soft  terrain  is  made  on  the  basis  of  the  vehicles  that 
this  terrain  will  support. 


KEYWORDS:  Muskeg;  Soft  soils;  Soil  strengtn;  Trafficability 


DD  1473 


Unclassified 
Security  CUssificstion 


252 


Security  Cljssific.ilion 


M,E 


DOCUMENT  CONTROL  DATA  • R&D 

(Security  claaalticatian  of  (/if*,  body  ot  abttract  a nd  indexing  annotation  mutt  be  entered  w* »#n  the  overall  report  ia 


ORIGINATIN  G ACTIVITY  (Corporate  author) 

U.  S.  Array  Engineer  Waterways  Experiment  Station 
Vicksburg,  Miss. 


2*.  REPORT  SECURITY  C L.  ASSI  FIC  * T IDH 


Unclassified 


J.  DEPORT  TITLE 

PROPERTIES  OF  SURFACE  SOILS  IN  THE  WET  SEASON 


4-  DESCRIPTIVE  NOt£S  ( Type  ot  report  ond  inc/uait*  deter) 


Final  report 


S.  AUTMORfSj  (Lett  name,  tint  name.  Initial) 

Turnbull,  W.  J. 

Knight.  S.  J. 


«.  DEPORT  OATE 

August  106l 


le  TOTAL  NO  OF  PACTS 
20 


7 b NO.  OP  REPS 


• a.  contract  or  grant  no. 


*•  PROJECT  NO.  8S70-05-001 

Trafficability  and  Mobility  Research 
*•  Subproject  No.  -02, 

. Surface  Mobility  (Trafficability) 


9 a ORIGINATOR'S  REPORT  NUMBCRfSj 


..  Miscellaneous  Paper  No.  U-447 


ib  OTHER  REPORT  NO (S)  (Any  other  numbera  that  may  be  aaaignod 
thia  report) 


AD  75^  335 


10.  AVAILABILITY/LIMITATION  notices 

Approved  for  public  release;  distribution  unlimited. 


ii.  supplementary  notes  Presented  at  Fifth 
Int  Conf  on  Soil  Mechanics  and  Founda- 
tion Engineering,  Paris,  France,  17-22 
July  1961 ; Published  in  Proceedings 


12  SPONSORING  MILITARY  ACTIVITY 

Chief  of  Engineers,  DA 
v/ashington,  D.  C.  20315 


1J.  ABSTRACT 


Results  are  summarized  of  tests  of  moisture  content,  density,  and  strengtv  of 
surface  soils  at  several  hundred  sites  in  humid-climate  areas  of  the  Unit 
States.  A first-order  approximation  of  values  of  these  properties  on  the  basis 
of  soil  texture  is  indicated  by  a graphic  analysis. 
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I*.  AOSTRACT 

This  paper  presents  the  results  of  a study  conducted  to  determine  what  effect 
certain  methods  of  handling  soil  samples  before  they  are  compacted  and  tested 
would  have  on  moisture-density-cone  index  relations,  if  the  compaction  technique 
was  kept  constant.  Four  techniques  of  soil  preparation,  identified  as  re-use, 
Blakeslee  mixing,  Bonnot  mixing,  and  air-dried,  were  used  on  three  soils — a low- 
plasticity  soil,  a medium-plasticity  soil,  and  a high-plssticity  soil.  Density- 
moisture  content  and  cone  index-moisture  content  curves  were  developed  for  moisture 
contents  higher  than  optimum  using  the  different  soil-preparation  techniques. 

These  curves  were  compared  with  reference  curves  developed  using  preparation  tech- 
niques normally  used  in  trafficability  studies.  Since  the  density-cone  index- 
moisture  relations  that  resulted  from  the  different  preparations  of  the  soils  ofter. 
differed  significantly  from  the  reference  relations,  it  was  recommended  that  the 
laboratory  techniques  currently  used  (i.e.  those  used  in  determining  the  reference 
relations)  be  continued  in  trafficobility  studies  and  that  additional  comparisons 
of  field  and  laboratory  relations  be  made,  where  feasible,  with  a view  toward 
eventual  development  of  criteria  for  extrapolating  rating  cone  index-moisture 
content  curves  from  laboratory  cone  index-moisture  content  curves. 
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U.  ABSTRACT 

This  study  provides  a technique  for  portraying  trafficability,  developed  by  the 
Trafficability  Section,  WES.  The  method  depends  primarily  on  agricultural  soils 
data  (soil  series  and  type)  readily  available  in  published  form.  The  analysis 
is  limited  to  general  topography,  soils,  and  vegetation  in  an  area  comprising 
Alabama  and  Georgia.  The  basic  soil  information  is  interpreted  in  terms  of  eight 
trafficability  classes.  Vehicle  mobility  of  the  K';8  tank  is  described  in  terms 
of  passable,  doubtful,  and  impracticable  under  soil-moisture  conditions  including 
dry-season  average  conditions,  wet-season  average  conditions,  and  maximum  moisture 
conditions . 
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The  Army' 8 need  to  predict  the  performance  of  military  vehicles  in  a wide  range 
of  soil  and  snow  conditions  has  been  met  by  the  results  of  an  empirical  test 
program.  Sciland  snow  conditions  were  quantitatively  Indicated  in  terms  of  the 
resistance  offered  by  the  soil  and  snow  to  being  probed  with  a simple  instrument, 
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Tests  were  conducted  in  soft,  fine-grained  soils  and  clean  sar.d  to  determine  per- 
formance characteristics  of  the  5-ton  COER  for  two  tire  sizes.  In  fine-grained 
soils  the  GOER  performed  better  with  18.00-26  tires  than  with  15.00-34  tires. 

With  18.00-26  tires  it  performed  better  than  standard  military  6x6  wheeled  vehicles 
of  2-1/2-  and  5-ton  capacity.  In  sand  the  GOER  also  performed  better  with  18.00-25 
tires  chan  with  15.00-34  tires.  In  one  specific  clean  sand  its  performance  with 
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tions' testing,  particularly  in  snow,  sand,  and  muskeg,  is  needed  to  evaluate  the 
vehic  .e  fully.  The  computations  for  determining  the  vehicle  cone  index  of  the 
GOER  for  operation  in  fine-grained  soils  are  included  6s  Appendix  A. 
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An  estimate  of  the  stresses  imparted  by  pneumatic  tires  to  surfaces  on  which  they 
operate  was  sought  by  making  a study  of  the  shape  a tire  assumes  under  various 
loads  and  inflation  pressures  on  various  media.  Circular-linear  potentiometers 
mounted  inside  the  tire  provided  means  for  determining  tho  cross-r  tion  shapes 


KEYWORDS:  Pneumatic  tires;  Stresses  under  wheels;  Tire  deflection 


DD  1473 


Unclassified 


WwilUt  MN««tnf*lt(M 


261 


to.  AVAILASIUTY/LIMITATION  NOTICES 

Approved  for  public  release;  distribution  unlimited. 


11.  ABSTRACT 

Operation  Wheeltrack  was  a cooperative  test  program  among  U.  S.  Army  Ordnance  Corps 
(Ordance  Tank-Automotive  Command),  U.  S.  Army  Transportation  Corps  (U.  S.  Army 
Transportation  Board  and  U.  0.  Amy  Transportation  Research  Command),  and  U.  S. 
Army  Corps  of  Engineers  (U.  S.  Army  Engineer  Waterways  Experiment  Station)  to 
determine  performance  characteristics  of  military  support  vehicles  in  varied 
terrain  conditions.  Since  WES  did  not  take  part  in  the  development  of  the  test 
program  #and  because  of  lack  of  manpower  to  staff  a field  test  crew,  WES  vpartici- 
pation  was  only  a token  effort.  Trafficability  data  collected  and  reported  in 
this  report  were  believed  typical  of  those  collected  at  other  areas  during  Opera- 
tion Wheeltrack.  It  is  recommended  that  the  results  be  compared  with  results 
reported  in  the  final  report  on  Operation  Wheeltrack  when  it  is  published. 
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IS-  ABSTRACT 


During  the  period  1-21  February  1962,  snow  traffi'eability  tests  were  conducted  at 
Camp  Hale,  Colorado,  to  determine  the  performance  characteristics  of  several 
standard  military  tracked  vehi. les  and  an  experimental  test  platform  (Airoll) 
operating  in  subarctic  snow.  The  program  included  tests  in  which  snow,  terrain, 
and  vehicle  performance  data  were  collected  for  correlation  purposes.  In  this 
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U.  S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg.  Mississippi 

This  report  summarizes  the  discussions  in  a meeting  held  at  the  U.  S.  Army 
Engineer  Waterways  Experiment  Station  on  13-15  June  1962  of  a board  of  consultants, 
representatives  from  the  Office,  Chief  of  Engineers,  and  Waterways  Experiment 
Station  personnel  on  the  subject  of  mobility  research.  Subjects  discussed  include 
a review  of  mobility  studies  at  WES  (S.  J.  Knight),  relation  of  MEGA  and  mobility 
studies  (J.  R.  Compton),  single  wheel  tests  in  sand  (C.  J.  Powell),  single  wheel 
tests  in  clay  (R.  D.  Wismer),  soil  strength  measurements  (J.  L.  Smith),  tire 
configuration  studies  (M.  E.  Smith),  some  fundamental  mobility  studies  (A.  J.  Green, 
Jr.),  review  of , Bekker  theory  (Dr.  M.  J.  Hvorslev),  review  of  load-flow  theory 
(W.  G.  Shockley),  review  of  CARDE  theory  (R.  D.  Wismer),  and  WES  concept  of 
mobility  research  (R.  G.  Ahlvin) . 
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A documentation  of  environmental  (vegetation^ macrogeometry  and  microgeometry) 
and  related  conditions  at  tests  involving  engineer  effort  for  items  and  at  places 
as  follows:  (a)  air-mobile  engineer  support  (Ft.  Bragg);  (b)  air-mobile  refueling 

task  force  (Ft.  Bragg);  (c)  bomb-crater  repair  in  airstrips  (Ft.  Bragg  and  Mackall 
Field);  (d)  landing  strip  construction  (Ft.  Stewart,  Ga.);  (e)  explosive  preparation 
of  helicopter  landing  sites  (Ft.  Bragg);  and  (f)  multiple  C-130  landings  at  Falcon 
airstrip  (Ft.  Bragg).  Testing  was  conducted  from  May  to  July  1962. 
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In  a test  program  jointly  supported  by  the  Army  and  the  Navy,  the  U.  S.  Army 
Engineer  Waterways  Experiment  Station  has  conducted  approximately  2500  tests  of 
the  ability  of  wheeled  military  vehicles  to  climb  slopes  of  loose  sand.  Tests 
were  conducted  on  a variety  of  beach  and  dune  sands.  Test  procedures  and  tech- 
niques are  described  briefly.  The  strength  of  the  sand  on  the  slopes  was 
measured  by  means  of  a cone  penetrometer.  The  slope-climbing  performance  of 
each  of  the  five  sizes  of  vehicles  tested  is  shown  to  be  determined  principally 
by  the  strength  of  the  sand  and  by  tire  size  and  inflation  pressure.  An  empirical 
method  employing  firm-surface  tire-print  data,  wheel  load,  and  sand  stiength  is 
presented  ss  a means  of  predicting  the  sand  slope-climbing  capability  of  conven- 
tional all-wheel-drive  vehicles. 


KEYWORDS:  Coarse-grained  soils;  Field  tests;  Military  vehicles;  Slope 

performance;  Trafficability;  Wheeled  vehicles 

DD  ,5SK.  1473 


265 


Unclassified 
Security  Classification 


txxxrt  *<**-*■ 


DOCUMEin  COilTROI.  DATA  • RAD 

f5»ruri()‘  •/  (III*,  body  ot  • tjfr.ici  «nd  iiKfrauttf  mmi-jfmiiafi  mual  be  entctti /*/>*<•  */••  troufl  report  It 

I.  OflICIHATINO  ACTIVITY  (Coutotole  outfiot)  to,  MLI'OMT  trCUHITV  C U AtftltMC A T ION 

U.  S.  Amy  Engineer  Waterways  Experiment  Station  Unclassified 

Vicksburg,  Hiss.  **•  ‘"owe 

>.  REPORT  TITLE 

IDENTIFYING  SOIL  PARAMETERS  WITH  AH  INFRARED  SPECTROPHOTOMETER 


4.  DCSCniPTlVE  NOTES  (Type  ol  tepott  end  inc/uilvt  dfUtt) 

Final  report 

$ AUTHOnfSj  fX-Atf  nMnt.  tint  homo,  Inltlot) 

Shockley,  W.  G. 

Knight,  S.  J. 

Lipncflob.,  El.  B. 

«.  REPORT  DATE 

January  1963 

• a.  CONTRACT  or  crant  no. 


7a.  TOTAL  NO.  OP  P ACPI  I 70.  NO.  OP  ACPI 


ta.  ORIGIN ATOft'l  REPORT  NUMOCRfJJ 

Miscellaneous  Paper  No,  4-547 


A.  PROJECT  NO.  1-T-0-21701-A-046 , 

Trafficability  and  Mobility  Research 

«' Task  —0*1  • Mobility  Terrain  Analysis  to.  other  rcport  nooi  m<>/  •!/...  numo.»  *,i  m,r  u •••>+•*  ‘ 
, 8nd  Synb°l0Cy  AD  TU  220  I 

10.  AVA  ILAOILITY /LIMITATION  NOTICES  I 


Approved  for  public  release;  distribution  unlimited. 


u.  supplementary  notes  malished  in  u.  sponsoring  military  activity 

Proceed,  of  Second  symposium  on  Remote  U.  S.  Army  Materiel  Command 
Sensing  of  Environment , University  of  Washington,  D.  C.  20315 
Michigan.  October  1962. 

tl.  ABSTRACT 

This  paper  discusses  the  overall  aims  and  objectives  of  the  Waterways  Experiment 
Station  program  in  terrain  interrogation  using  sensors  operating  in  certain 
portions  of  the  electromagnetic  spectrum,  describes  the  infrared  equipment  and 
tests  conducted,  and  analyzes  results  obtained. 
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I).  ABSTRACT 

Operation  Swamp  Fox  II  (U.  S.  Army  Transportation  Board  Project  TCB-62-176-EO)  was 
the  third  of  a series  of  environmental  operations  conducted  by  the  Transportation 
Board  in  the  Republic  of  Panama,  and  was  designed  to  provide  more  complete  scien- 
tific-engineering research  of  environment-vehicle  relation  by  establishing  a base 
camp  and  conducting  tests  under  controlled  conditions.  Most  of  the  basic  traffic- 
ability  data  was  made  available  to  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  observers  by  the  mobility  test  team  because  V7ES  participation  was  limited 
to  the  period  29  September-15  October  1962.  The  analysis  was  made  by  the  authors. 
The  other  data  and  information  reported  were  collected,  at  least  in  part,  by  the 
authors.  This  memorandum  was  prepared  for  record  purposes. 
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This  paper  describes  the  study  of  the  effects  of  terrain  on  military  activities; 
most  of  the  effort  so  far  has  been  concentrated  on  a study  of  the  environment  as  it 
affects  vehicular  mobility.  Tbs  families  of  the  factors  thus  far  dealt  with  are 
surface  geometry,  surfr.:_  composition,  hydrologic  geometry,  and  vegetation.  The 
surface  geometry  family  is  concerned  only  with  the  physical  shape  of  the  surface  of 
the  earth  and  is  subdivided  into  the  gross  surface  geometry  (macrogeometry)  and  the 
minor  surface  irregularities  (microgeometry).  An  arbitrary  relief  of  10  ft  has  been 
selected  as  the  dividing  criterion.  The  surface  composition  family  is  concerned  with 
the  physical  characteristics  of  the  materials  of  which  the  surface  is  composed.  The 
shape,  site,  and  distribution  of  water  bodies  of  all  kinds  are  characteristics  des- 
cribed by  the  hydrologic  geometry  family.  The  vegetation  factor  family  is  concerned 
only  with  the  geometry  of  the  vegetation  structure  as  a whole  and  not  with  the 
taxonomy  of  the  individual  plants.  On  the  basis  of  tests,  it  was  determined  that 

(a)  surface  microgeometry  exhibits  the  greatest  effect  on  vehicular  movement,  and 

(b)  critical  tree  spacing  appears  to  be  more  closely  related  to  vehicle  length  and 
not  to  turning  radius. 
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IS.  ABSTRACT 

Professor  D.  U.  Deere  summarized  his  experiences  in. the  testing  and  use  of  tropical 
soils.  Many  soils  contain  minerals  that  dry  irreversibly;  hence,  all  laboratory 
testing  of  tropical  soils  must  be  started  with  field-moist  material.  Even  with 
this  precaution,  prescribed  optimum  moisture-density  values  could  not  always  be 
obtained  in  the  field  because  of  a continually  wot  environment.  Chemical  and 
mineralogical  analyses  were  suggested  to  determine  what  constituents  an<}  soils  were 
subject  to  irreversible  drying. 
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[ t>.  ABSTRACT 


This  is  a report  of  the  first  of  many  trips,  made  to  rice  fields  in  Stuttgart  and 
Kelso,  Ark.,  and  Crowley,  La.,  in  a study  to  determine  seasonal  characteristics 
of  the  rice  fields  pertinent  to  military  operations.  Soil, terrain  geometr'-, 
vegetation,  and  hydrologic  geometry  data  collected  during  the  peak  of  the  wet 
season  are  reported  and  discussed. 


KEYWORDS:  Mobility;  Rice  fields;  Terrain  factors;  Trafficability  data; 

[Arkansas;  Louisiana] 


00  1473 


Unclassified 


271 


s*'‘t*G*pwn9VHm*Xi 


Si'Cuitiy  Ci.ii.siiu.  n«»n 


DOCUMENT  CONTROL  DAT/,  • RAD 

(Setunly  fiAUl/lT«ili«i  ol  till*,  body  of  wid  ittdi  tin  f onootntivn  nuiat  be  «m  Ivied  whtn  ll  >c  • vtinll  ict>oit  t»  c laa  t Iliad) 


».  OniCINATIM  C ACTIVI1  \ (Coi, K5»*lf  Aulhoi)  J2«.  ML^OMI  ILCUmiV  C LASIIftCAT-ll 


U/S.  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Miss. 


2«.  MLMOMl  SLCUnilV  c LA5*ir»CATHOM 

Unclassified 

26  croup 


J.  r.ePORT  TlTl  c 

SPEED  TESTS  CONDUCTED  IN  CANADA  DURING  MUSKEG  TRAFFICABILITY  TEST  PROGRAM, 
AUGUST  1962 


4 DESCRIPTIVE  NOvES  (Type  •/  report  fnd  fne/urive  dates) 

7‘_ri.-C  c'mnri 


5 AjThCTl'.  (Lust  nano*.  .teat  numv.  milittl) 


Schreiner,  B.  G. 


t.  REPORT  DATE 

July  1?6 


• «.  C ON  TRACT  on  CN  *t  NO. 

».  PAOJCCT  NO.  l-T-0-217L'-A-046, 
Trafficability  and  Mobility 
••Task  -02,  Surface  Mobility 


• • ©ntCINATOR'S  REPORT  NOMBKRfSj 

Miscellaneous  Paper  No.  4-621 


IE.  OTHER  REPORT  N 0(S)  (A  nr  mwRn  A.in.R.i.IkH 

k\(a  tepotl) 


AD  744  219 


10.  A V A IU  A 0 IL IT Y/C IMITATION  NOTICES 

1 

Approved  for  public  release;  distribution  unlimited. 

SUPPLEMENTARY  NOTES 

II.  SPONSORING  MILITARY  ACTIVITY 

This  study  was  a joint  U.S. -Canadian 
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During  the  period  23  July-24  August  1962,  trafficability  tests  were  conducted  on 
confined  mu'Ueg  in  the  vicinity  of  P-rry  Sound,  Ontario,  Canada,  to  develop  suit* 
ahle  correlations  between  vehicle  performance  and  characteristics  of  organic 
terrain  (muskeg).  This  paper  discusses  two  special  tests  conducted  on  9 end  10 
August  with  six  vehicles  to  determine  the  "maximum-safe"  speed  with  which  the 
vehicles  could  traverse  a specific  test  course  (test  l)  8nd  to  determine  the 
"normal  cross-country"  speed  over  the  same  test  course  (test  2).  The  vehicles 
are  rated  according  to  speed,  quality  of  ride,  and  maneuverability.  Factors 
affecting  the  tests  tr\.  also  discussed. 
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Vehicle  speed;  [Canada;  Parry  Sound] 
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l>.  ABSTRACT 

The  scientific  knowledge  necessary  for  engineers  to  design  mobility  characteristics 
into  a vehicle  docs  not  exist.  Mobility  engineers  in  their  attempts  to  fill  the 
need  have  failed  to  apply  basic  scientific  methods  and  principles  in  a consistent 
manner.  Some  of  the  shortcomings  evident  in  mobility  research  methods  are  pointed 
out.  Now  knowledge  obtained  from  nobility-oriented  studies  now  in  progress  at  the 
U.  S.  Army  Engineer  Waterways  Experiment  Station  is  presented  to  illustrate  the 
importance  of  basic  scientific  studies. 
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II.  ABSTRACT 


A new  concept  in  soil  mechanics  is  sought  which  will  cope  witn  the  problem  of  the 
behavior  of  soil  when  massive  displacements  arc  involved,  as  occurs  when  a wheel 
cuts  a deep  rut  in  soft  material.  It  is  suggested  that  such  movement  of  soil  is 
more  in  the  nature  of  a flow  phenomenon,  and  an  energy-per-unit-volume  concept  is 
hypothesized.  The  load-sinkage  curve  is  assumed  to  bo  of  the  general  form 

y * aX11  ; this  assumption  may  have  to  yield  in  time  to  some  other  more  accurate 
representation,  possibly  a hyperbolic  function.  Expressions  have  been  derived  for 
predicting  sinkage  and  towing  resist mce  of  rigid  wheels  in  soft  soil  on  the  basis 
of  plate  penetration  tests,  T>  .-se  expressions  have  been  modified  and  extended  to 
cover  more  complicated  performance  of  pneumatic  tires.  Experimental  verification 
of  the  theory  in  dry  desert  sand  (as  found  near  Yuma,  Ariz.)  is  presented. 
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is.  aostract 

The  U.  S.  Army  Engineer  Waterways  Experiment  Station  at  Vicksburg,  Mississippi, 
is  conducting  systematic  studies  that  will  provide  information  on  factors  which 
influence  vehicle  mobility  in  deformable  soils.  The  ultimate  purpose  of  these 
studies  is  to  develop  rational  means  of  designing  military  vehicles  that  will 
provide  specified  levels  of  performance  in  off-road  conditions.  A study  of  the 
stresses  at  the  interface  of  a moving  pneumatic  tire  and  the  medium  upon  which  it 
travels  is  one  such  study.  This  paper  describes  the  results  of  tests  made  to 
measure  the  distribution  of  stresses  at  the  tire-soil  interface  under  some  re- 
presentative test  conditions.  Two  soils,  a sand  and  a clay,  carefully  placed  in 
a test  pit,  were  used  in  the  program.  Each  sci*  was  tested  at  several  different 
levels  of  strength.  Only  one  tire  at  one  test  load  was  employed,  but  stresses 
were  measured  at  several  different  inflation  pressures.  Tests  were  conducted  with 
the  wheel  powered  and  with  it  towed. 
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II  ABSTRACT 


The  Terrain  Analyser  Project  of  the  Waterways  Experiment  Station  is  aimed  at 
exploiting  the  electromagnetic  spectrum  as  a means  of  identifying  and  quantifying 
those  elements  of  the  terrain  that  have  an  effect  on  military  operations.  This 
paper  describes  the  project,  which  is  in  it:-  first,  or  laboratory,  phase.  Infra- 
red, radar,  and  gamma-ray  studies  are  discussed. 
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IJ  ABSTRACT 

An  engineering  irvestigation  and  development  program  with  the  aims  of  producing 
means  for  predicting  field  performance  of  military  vehicles  und  furnishing  data 
for  use  in  improving  their  mobility  characteristics  has  been  in  progress  at  the 
U.  S.  Army  Engineer  Waterways  Experiment  Station  since  1945.  This  paper  presents 
a very  brief  resume  of  the  terrain-vehicle  research  programs  of  the  Waterways 
Experiment  Station. 
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U ABSTRACT 


An  essential  feature  of  military  planning  is  a knowledge  of  tbe  trafficability cf 
various  soils,  j.e,  the  ability  of  the  soils  to  support  the  passage  of  various 
military  vehicles.  In  this  article,  the  variation  that  occurs  in  the  strength 
or  trafficability  of  sands  is  described.  The  sands  discussed  classify  as  SP  or 
SW  under  the  Unified  Soil  Clarsifi ~ati on  System,  and  are  in  a "ary-to-moist" 
condition.  Such  sands  are  characteristic  of  inland  deserts  and  of  the  portions 
of  beaches  of  continental  island  shores  not  actually  undergoing  vetting  by  viave 
action.  The  sands  discussed  do  not  include  those  in  very  wet  condition,  since 
the  behavior  of  these  sands  under  vehicular  traffic  is  quite  different  from 
that  of  dry-to-moist  sands. 
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11  ABSTRACT 

Each  time  a new  vehicle  is  proposed,  the  choice  cf  running  gear  can  be  made  only 
after  careful  consideration  of  many  factors,  the  most  influential  one  dictating 
the  use  of  tracks  over  wheels  being  soft-soil  performance.  Most  wheeled  vehicles 
used  at  the  present  time  have  less  mobility  than  tracked  vcl.iclcs  of  the  same 
weight.  If  the  mobility  of  either  type  of  vehicles  is  to  be  improved,  designs 
having  contact  pressure  as  lew  as  possible  must  bo  developed.  It  was  determined 
that  this  can  be  achieved  for  wheeled  vehicles  by  increasing  the  number  of  wheels 
or  by  increasing  the  size  of  the  tires,  or  by  a combination  thereof,  but  that  it 
is  more  effective  to  increase  the  tire  size.  It  was  further  determined  that  while 
light  vehicles  could  be  equipped  with  available  tires  that  would  make  them  com- 
petitive with  tracks  on  soft  ground,  the  tracked  vehicles  have  higher  pull/wcight 
ratios  on  firm  soil.  This  paper  utilizes  the  data,  techniques,  resources,  and 
experience  of  the  Land  Locomotion  Laboratory,  U.  S.  Army  Tank-Automotive  Cormand, 
and  of  the  Army  Mobility  Research  Branch,  Mobility  and  Environmental  Dlvis:on, 
Waterways  Experiment  Station.  Techniques  of  these  organizations  are  described  in 
Appendixes  B and  A,  respectively. 
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The  results  of  vehicle  tests  have  shown  that  quantitative  descriptive  and 
classification  systems  constitute  the  most  practical  basis  for  terrain  evaluation 
for  mobility  purposes  and  that  once  such  systems  are  available,  test  sequences  can 
be  conducted  in  known  environments  which  can  be  extended  with  nearly  complete 
confidence  to  other  areas  of  the  world  which  exhibit  the  same  numerical  parameters 
upon  analysis.  Existing  traditional  literature  on  landforms  can  be  associated  with 
quantitative  descriptive  systems  and  stored  on  computer  systems  for  later  use  in 
mobility  prediction  systems.  Three  basic  programs  are  being  conducted  at  the  Water- 
ways Experiment  Station  in  the  field  of  mobility  research:  (a)  the  development  of 

detailed  quantitative  systems  for  describing  and  classifying  environments,  (b)  the 
testing  of  the  responses  of  vehicles  to  known  environments,  classified  both  quantita- 
tively and  traditionally,  and  (c)  the  correlation  of  traditional  classifications  with 
quantitative  classifications. 
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This  report  consists  of  18  papers  presented  at  the  Advisory  Committee 
meeting,  summaries  of  important  discussions  and  questions  relative  to  the  various 
papers,  the  Committee's  conclusions  and  recommendations,  and  a report  of  an  Ad  Hoc 
Working  Group  recommended  by  the  Committee  to  examine  the  applicability  of  an 
airborne  profllometer  to  obtain  terrain  profiles.  The  papers  included  reports  on 
WES  studies  related  to  Project  MERS,  review  of  project  history,  conclusions  and 
recommendations  of  the  first  Acvisory  Committee  meeting  held  at  Bethesda,  Maryland, 
on  7-9  November  1962,  accomplishments  on  Project  MERS  tasks  since  the  first  committee 
, meeting,  Marsh  Screw  Amphibian  tests  conducted  by  WES,  Project  MERS  plans  for  the 
next  12  months , and  funding  status  and  requirements  for  fiscal  year  1965. 
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The  distribution  of  things  in  any  approximately  homogeneous  population  can  be 
adequately  described  by  a sample  which  is  coincident  with  a minimal  area  called  the 
"structural  cell."  The  smallest  area  which  can  be  depicted  on  any  map  is  a function 
of  the  map  scale  and  is  called  a "mapping  cell."  Areas  of  lesser  extent  than  the 
mapping  cell  cannot  be  shown  and  are  therefore  merged  into  the  map  unit  of  greater 
occupance,  resulting  in  a map  unit  characterized  in  the  legend  as  a single  population, 
but  in  fact  representing  areas  composed  of  two  or  more  populations.  Such  a map  unit 
has  a "reliability"  of  substantially  less  than  100  percent.  Retention  of  detail  with 
scale  reduction  depends  upon  recognition  of  the  scalar  relationships  between  the 
mapping  cell  and  the  structural  cells  of  the  populations  being  mapped.  The  boundaries 
between  the  units  are  generjllzed  according  to  a set  of  prescribed  rules,  and  a 
legend  is  designed  consisting  of  diagrammatic  representations  of  "unit  areas"  in  which 
the  relative  proportions,  as  well  as  the  schematic  positional  relations  of  all  popu- 
lations comprising  the  generalized  map  unit  are  identified. 
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During  the  period  21-2S  Septet?, her  196li,  a group  of  specialists  met  to  consider 
in  a quantitative  way  the  various  elements  of  the  surface  nobility  problem  and 
to  devise  an  approach  toward  its  solution.  The  problem  is  discussed  in  Appendix  A. 
The  participants  in  the  exercise  are  listed  in  Appendixes  B and  D and  the  pre- 
conference  outline  is  included  as  Appendix  C.  During  the  exercise,  three  vehicle 
concepts,  two  wheeled  (Bxe  and  10x10)  and  one  tracked,  were  designed  on  the  basis 
of  existing  empirical  and  quasi-thcoretical  knowledge  and  in  the  light  df  worldwide 
occurrence  oi  soil  conditions.  A,  plan  of  tests  was  designed  that  not  only  will 
test  the  validity  cf  the  design  techniques  employed,  but  also  will  serve  as  a 
model  for  future  exerciser,  in  mobility.  In  each  phase  of  the  analysis,  emphasis 
was  directed  toward  the  soft-soil  aspect  of  the  nobility  problem.  However,  a 
plan  incorporating  tests  of  other  environmental  factors  also  was  suggested  end 
is  included  as  Appendix  E;  a study  cf  roadway  preparation  requirements  is 
included  as  Appendix  F. 
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1J  ABSTRAC1 

Two  general  categories  of  snow  were  considered— the  deep,  permanent  Greenland  ice- 
cap snow  end  the  "temporary"  (subarctic)  snow  of  Canada  and  mountain  regions  of  the 
United  States.  Test  results  indicated  that,  generally,  all  military  tracked 
vehicles  could  travel  over  the  leve] , permanently  covered,  deep  snow  areas  of  the 
Greenland  ice  cap  and  over  the  subarctic  snow'  when  it  was  less  than  about  3t>  in. 
deep.  Maximum  drawbar  pulls  on  ice-cap  snow  were  found  to  vary  in  a narrow  range, 
from  about  35  to  l»5  percent  of  the  gross  weight  of  the  vehicle;  while  or.  subarctic 
snow,  maximum  drawbar  pulls  depended  significantly  upon  the  depth  of  the  snow. 
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I]  ABSTRACT 

One  of  the  tasks  in  connection  with  obstacles  studies  to  develop  the  capa- 
bility to  predict  in  quantitative  terms  the  effects  of  terrain  obstacles  on  cross- 
country performance  of  ground  veMcles  was  entitled  "Proof  Tests  of  Ground  Mobility 
in  the  U.  S."  This  report  is  co.  erned  with  the  first  phase  of  the  proof  tests, 
selection  and  preliminary  description  of  test  areas  selected  for  examination  on 
15  military  reservations.  The  terrain  factors  considered  as  having  an  obstacle- 
producing  effect  on  vehicle  performance  were  vegetation,  surface  mierogeonetry , 
and  surface  r.acrogeometry  (principally  slope).  Areas  within  the  15  reservations 
meeting  established  criteria  were  tentatively  located  through  an  airphoto,  inter- 
pretation study.  The  terrain  characteristics  were  measured  at  the  selected  sites 
during  ground  reconnaissances.-  Tr.ese  data  were  analysed  ar.d  the  reservations  were 
categorised  according  to  the  availability  of  sites  for  conducting  single-  and 
multiple-factor  tests.  Carp  Lejeur.e,  C. , Ca—  A.  P.  Hill,  Va.  , and  Eglin  AFE, 
Fla. , offer  more  areas  suitable  for  conducting  sir.-lo-factor  tests  than  the  other 
reservations.,  A variety  of  combinations  of  slope",  and  stem,  spacing  desirable  for 
conducting  multiple-factor  tests  is  present  at  Camp  A.  P.  Hill,  Va. , Camp  Pickett, 
Va. , and  Quantieo  Marine  Schools,  Va. 
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l».  AOSTRACT 

the  tests  reported  herein  were  conducted  to  measure  and  compare  the  mobility  per- 
formance of  the  Jiger  and  Fisher  vehicles  in  muskeg  terrain.  The  tests  were 
conducted  by  personnel  of  the  Organic  and  Associated  Terrains  Research  Unit  of 
McMaster  Uni/ersity,  Hamilton,  Ontario,  under  contract  to  the  Directorate  of 
Weapons  Research,  Defence  Research  Board,  Canada.  WES  and  the  Lsnd  Locomotion 
Laboratory  were  invited  to  send  observers. 
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Defense  Atomic  Support  Agency 
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An  investigation  was  conducted  using  a typical  laboratory  specimen  and  12’  penetration) 
were  made  with  a 1/2-in. -diam  30-deg  cone  penetrometer.  The  penetrations  were  made  at 
6- in.  s pacings  in  various  patterns  to  study  the  effect  of  pene .ration  sequence,  inter- 
action, and  boundaries.  In  addition,  25  density  samples  were  taken  from  the  specimen 
and  s single  plate-bearing  test  using  a 6-in. -square  plate  was  conducted.  The  cone- 
penetraticr, -resistance  oat  a and  density  data  were  subjected  to  standard  statistical 
analysis.  Differences  in  mean  values  from  different  zones  in  the  specimen  were 
compared  to  determine  if  real  differences  existed  and  were  not  the  result  of  random 
scatter  in  data.  Dens i tv  data  indicated  that  the  specimen  vss  uniform  within  the 
capabilities  of  determination  but  that  variations  not  accoun.able  as  random  scatter 
in  cone-penetration  resistance  existed  between  various  points  in  the  specimen.  Cone- 
penetration  resistance  was  found  to  be  adequate  for  evaluating  uniformity  provided 
sufficient  observations  were  made.  Generally,  about  eight  penetrations  were  required 
to  yield  a mean  value  which  could  be  expected  to  be  within  6 percent  of  the  trij  mean 
value. 
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ii  tmcACT 

Tire  deflection  data  were  studied  free  tests  perfomed  in  the  single-wheel  test 
facilities  at  the  U.  S.  Amy  Engineer  Waterways  Experiment  Station,  Vicksburg, 
Mississippi.  The  tests  were  performed  with  a srooth  11.00-20,  12-PR  tubular 
tire  noving  under  a 3000-lb  load  in  r.ortar  sand  of  various  strengths  and  a 
smooth  9,00-14,2-PR  tubeless  tire  Roving  under  an  B90-lb  lead  in  Yuma  sand  of 
various  strengths.  Plots  •’re  presented  cf  the  path  of  a point  on  the  center'line 
of  the  tires  relative  to  a coving  and  a fixed  franc  of  reference.  Representative 

I plots  are  included  to  show  the  effect  of  slip,  soil  strength,  and  inflation 
pressure  on  the  path  and  to  conparc  the  paths  of  a point  on  towed  and  powered 
titles . 
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Washington,  D.  C.  2(  315 


A program  of  field  tests  was  conducted  with  the  Karsh  Screw  Amphibian  to  evaluate 
its  performance  on  a range  of  soil  conditions.  Performance  was  expressed  in  terms 
of  ability  to  travel  50  passes  in  the  same  path,  maneuverability,  speed,  draw- 
bar pull,  and  aLcne-c limbing  ability.  Soil  conditions  were  described  in  terms  of 
soil  type,  moisture  content,  density,  and  cone  index.  Relations  between  vehicle 
performance  and  soil  condition  are  presented. 
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it.  amtnact  Tests  ucj-e  conducted  to  determine  the  effects  of  wet  surface  soil  condi- 
tions on  the  performance  of  pneumatic  tires.  Two  fine-grained  soils  were  used: 
one  highly  plastic  and  one  only  slightly  plastic.  Surface  soil  conditions  were  of 
three  types:  "as  compacted flooded  and  drained,  flooded  and  undrained.  Host 

tests  were  conducted  on  one  soil  (heavy  clay),  one  tire  sire  (6.00-16),  and  one 
deflection  (35  percent).  Four  tread  conditions  were  tested:  a smooth  tire,  a 

directional  tread,  a nondirectional  tread,  and  a smooth  tire  with  traction  aid. 

It  was  found  that  for  a given  wheel  load  the  loss  of  pull  due  to  flooding  is  a 
constant  for  each  tread  pattern.  Further,  it  was  found  that  a peak  performance 
was  attained  at  a specific  load,  regardless  v»  tread  pattern  or  soil  condition.  | 

It  was  also  determined  that  repetitive  traffic  had  no  effect  on  pull  through  five  , 
parses  in  the  "as  compacted"condition;  but  for  the  flooded  soil,  the  pull  in- 
creased with  traffic  in  the  drained  condition  and  decreased  with  traffic  in  the 
undrained  condition.  The  level  of  performance  depended  to  some  extent  on  the 
duration  of  flooding.  The  lowest  pulls  were  attained  when  the  flooding  period  was 
very  brief  end  the  soil  strength  was  high. 
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IJ  AMTftACT 

A method  is  presented  for  studying  the  results  of  tests  with  wheels  in  soils. 

The  first  part  of  the  paper  cr.^nasizcs  the  need  for  a framework  to  describe 
observed  facts,  and  in  the  next  part,' a method  is  developed  to  provide  this 
framework.  The  method  considers  the  work  of  the  pull  developed  by  the  test  wheel 
as  the  difference  between  energy  input  and  energy  dissipation.  The  parameters 
used  to  represent  these  energies  arc  explained  relative  to  the  theoretical  case 
of  a rigid  wheel  on  a hard  surface.  This  reference  condition  al»o  is  used  to 
distinguish  the  particular  features  of  rolling  notion  on  deformable  soils. 
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U abstract 

The  primary  purpose  of  the  test  program  reported  herein  was  to  determine 
quantitatively  the  pcrfomsr.ee  of  the  CH-*i7A  Chinook  helicopter  in  soft  soils. 
Tests  were  conducted  at  three  different  locetior.s  on  a range  of  soil  strengths 
and  at  three  different  payloads.  A total  of  15  landings,  were  made  on  27  and 
28  May  1965  near  Vickskurg,  Miss.  Subsequent  tests  were  conducted  at  Aberdeen 
Proving  Ground,  Ml.,  from  21  to  2b  June  1965.  The  Aberdeen  Proving  Ground  tests 
are  discussed  briefly  in  Appendix  A. 

It  was  concluded  that  (a)  the  Chinook  has  adeo.uate  power  for  lift-off  from 
most  soft  soil  conditions,  (b)  a relation  exists  between  sinkege  of  landing 
gear  assembly  into  a soil  an.  the  ratio  of  bearing  pressure  to  core  index,  and 
(c)  the  presently  designed  cargo  ramp  will  a) lav  a cargo  space  entrance  height 
of  72  in.  only  when  the  helicopter  landing  gear  sinkage  is  about  12  in.  or  leas. 
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Washington,  D.  C.  70315 


I)  ABSTNACT 

A test  program  was  conducted  to  deternine  the  effects  of  air  surcharge 
on  the  bearing  capacity  of  .soft,  cohesive  soils.  The  test  soils  were  of  two 
types,  fat  clay  and  silt.  The  penetration  resistance  of  a 3-sq-in.  circular 
plate  was  selected  as  the  measure  of  bearing  capacity  to  be  used.  Cone  penetra- 
tion tests  were  performed  also  for  control  purposes.  The  plate  penetration 
tests  were  conducted  using  air-surcharge  pressures  of  0,  1,  and  5 psi. 

Test  results  show  that  the  bearing  capacity  of  the  highly  saturated, 
cohesive  soils  used  in  this  study  was  not  altered  in  any  significant  way  by 
the  application  of  air-surcharge  pressures  as  high  as  5 psi.  As  a corollary, 
it  was  found  that  cone  index  was  linearly  related  to  plate  bearing  pressure  in 
each  soil  type,  regardless  of  the  air  surcharge  applied. 
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is.  imhimhh  wutmt  Acnvtrv 

Air  Force  Cambridge  Research  Laboratories 
L.  C.  Hancom  Field 
Cambridge.  Massachusetts 


This  report  describes  the  accelerated  traffic  tests  conducted  with  a test  load 
and  tire  pressure  selected  to  cause  failure  in  an  unsurfaced  test  section  at  a loir- 
coverage  Revel  (less  than  100  coverages)  to  determine  the  adequacy  of  present  cri- 
teria for  predicting  low-coverage  levels  and  to  determine  if  there  Is  added  benefit 
in  terms  of  increased  traffic  coverages  from  heavily  sodded  areas  as  opposed  to 
areas  - lch  are  clear  of  vegetation  and  re-"  structure.  Selection  of  the  load  and 
tire  pressure  was  made  from  current  criteria  for  the  CsR  required  for  operation  of 
aircraft  on  utsurfaced  soils  and  was  based  on  the  average  CBR  of  the  0-  to  6-in. 
depth.  Results  of  the  tests  indicate  that  for  conditions  of  these  tests  present 
criteria  are  somewhat  conservative  for  predicting  low-coverage  levels  of  traffic. 
Although  there  was  some  benefit  gained  from  the  sod  In  one  test  item,  there  were  not 
sufficient  data  to  conclude  that  sodded  areas  vill  sustain  substantially  higher 
intensities  of  traffic.  It  is  recoMendcd  that  additional  tests  using  other  wheel 
loads  and  tire  pressures  be  conducted  to  develop  criteria  for  predicting  low-coverage 
levels  of  traffic  on  unsurfaced  areas. 
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t».  ABSTRACT 


tt.  SeONSOniMO  MILITARY  ACTIVITY 

0.  S.  Army  Materiel  Command 
Washington,  D.  C.  20315 


A conference  of  the  Board  of  Consultants  on  Remote  Terrain  Analy. Is  by  Electro- 
amgnetic  Means  was  held  at  t.e  U.  S.  Army  F-ngineer  Water-ays  Experiment  Station, 
Vicksburg,  Mississippi,  on  18-19  November  19°5.  Only  sumaries  of  the  technical 
papers  presented  are  given  herein;  complete  texts  of  these  presentations  of  test 
programs  and  results  to  date  will  be  published  as  WES  technical  reports  under  the 
general  title  Terrain  Analysis  by  Electromagnetic  Means.  Exhibit  1 is  the  pro- 
gram for  the  meeting,  and  Exhibit  2 is  a list  of  attendants.  Exhibit  3 describes 
proposed  future  plans.  Exhibit  U presents  the  report  prepared  by  the  Board  of 
Consultants  at  the  conclusion  of  the  conference. 
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II  »0»T»»CT 

Laboratory  studies  hav*  beer,  conducted  at  the  .•.'at“rways  Experiment  Station 
t > determine  the  effects  of  soil  layering  or.  the  auartity  of  reflected  energy 
• e'- sured  from  terrain.  The  results  of  this  study  indicate  that  reflections  from 
subsurface  interfaces  can  have  a drastic  influence  on  th“  quantity  of  energy 
re-is:ted  and  that  standard  monochromatic  puls^d-ridar  systems  are  not  suitable 
for  measuring  subsurface  soil  conditions.  "yst°~s  employing  swrpt-frequency 
tec'- -.lodes  gre  r.“eded  to  allow  direct  measurement  of  elect*. cal  properties  of  the 
soils.  These  properties  then  can  be  correlated  with  the  thickness  of  the  upper 
layar  and  the  noisture  content  of  the  soil. 

resides  soil  layers,  s ieh  factors  as  soil  conductivity  and  vegetation 
dtt>  mine  the  usable  wavelength  region.  The  effects  of  each  of  these  are  discussed 
and  examples  of  several  soil-leyering  profiles  that  night  be  encountered  in  natural 
terrain  are  given.  The  limits  to  which  the  layering  profiles  of  the  soils  infkmce 
the  return  er>tegy  are  illustrated.  These  limits  are  determined  by  the  thicknesses 
of  thr  .ayers  and  the  electrical  properties  of  the  soil  comprising  each  layer. 
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Gamma  radiation  from  soil  samples  w-.s  neas  :rei,  and  the  r'-sults  were  analysed 
to  e/rluste  the  use  of  gamma  rays  in  remotely  determining  soil  parameters  useful 
in  estimating  trafficability.  Gamma-ray  spectra  were  obtained  from  representa- 
tive samples  of  sand,  3ilt,  and  clay  placed  in  a low-background  inclosure. 
Photopeak  counting  rates  and  rhotopeak  ratios  of  thorium,  uranium,  potassium  were 
considered  in  the  analysis.  Results  indicated  that  pnotop“ak  counts  of  the  radio- 
isotopes of  primary  interest  were  proportional  to  moisture  content  of  the  soil 
S-. -pies,  but  ratios  of  the  photopeaks  were  nearly  inuependent.  cf  moisture  content, 
a 1th . gh  different  for  each  soil  tested. 

Gamma-ray  measurements  were  also  made  on  sail  samples  obtained  from  all 
SO  states  in  an  attempt  to  correlate  the  ratios  of  their  photo' eaks  of  thorium, 
uranium,  and  potassium  with  soil  type  and  other  morphological,  genetic,  and 
physical-chemical  characteristics  of  the  soils. 
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The  dimensional  analysis  and  tlie  empirical  correlation  achieved  in  developing  a 
dimensionally  correct  fornula  for  approximating  the  towing  resistance  for  either 
a rigiJ  or  a pneumatic-tired  wheel  arc  presented.  A method,  called  the  moving 
chord  concept,  for  handling  the  gcor.etry  of  the  complex  phenomenon  relating  to  the 
configuration  of  a pneumatic  tire  in  soft  soil  (based  on  experimental  evidence) 
is  presented.  The  formula  that  is  developed  sat.  fied  quite  effectively  a wide 
tangc  of  tire  sizes,  wheel  loads,  and  tire  deflections  in  two  extremes  of  soil 
type,  namely  cohesionlcr.s  dry  Yuns  desert  sand  and  highly  plastic  Louisiana  buck- 
shot clay. 


The  developed  formula  is  P_  = 0.85  V(z/l) 


0.77 


where  P_  is  towing  force,  V is 


vertical  load,  z is  sinkagt , and  t is  the  horizontal  projection  of  the  center 
line  of  tire  contact  area  in  tne  direction  of  travel. 
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A aemlquantltative  system  for  describing  the  pertinent  characteristics  of  land- 
marine  interfaces  with  r~gard  to  ground  mobility  is  developed  and  presented 
herein,  the  description  involves  the  subjective  identification  of  characteristic 
zones  of  the  interface,  and  the  measurement  or  designation  of  significant 
properties  of  those  zones.  The  range  of  values  or  designation  exhibited  by  each 
property  is  divided  into  suitable  classes,  and  each  clas3  is  assigned  a cede 
number.  A total  of  27  coastal  sites  in  northwest  and  west  central  Florida  and 
the  Florida  Keys  and  lU  coastal  sites  in  Thailand  are  evaluated  according  to  the 
newly  developed  system.  A comparison  of  the  Florida  and  Thailand  coastal  sites 
based  on  relative  frequencies  of  occurrence  of  the  range  of  values  of  each 
property  is  presented,  and  areas  that  nay  be  expected  to  show  some  degree  of 
similarity  are  identified,  General  conclusions  are:  (el  land-marine  ir.t.  r.'eces 

on  the  Gulf  of  Siam  have  characteristics  that  ere  closely  approximated  or.  « 
northwest  and  west  central  coasts  of  Florida,  (b'  the  land-marine  interface.,  on 
these  shores  exhibit  a :iose  analogy  when  compared  with  regard  to  structural 
zones,  and  (c)  land-marine  interfaces  of  the  two  areas  not  within  a gulf 
environment  (i.e.  those  not  protected  from  ocetr.ic  wave  attack)  exhibit  divergent 
characteristics. 
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is  aostract  Tpeajjicsp  pneumatic  tires  were  tested  in  specially  prepared  vet  clay. 
Horizontal  and  vertical  forces,  torque,  slip,  and  sinkage  were  measured.  The  test 
variables  included  tire  width  and  diameter,  tire  deflection,  and  the  load  on  the 
tire.  Tne  soil  strength  was  varied  over  the  full  practicable  range.  A dimensional 
analysis  of  the  tire-soil  systems  tested  yielded  three  principal  independent  Pi 

terms:  the  shape  number  j , the  deflection  number  jj-  , and  the  clay  loading 

Cd^  P J 

number  . Four  dependent  Pi  terms—  the  pull  number  ^ , th»  sinkjge  number 

z 0 ^*T 

— , the  torque  number  —7  , and  the  towed  force  number  — rp—  vere  used  ns  measure; 

Q Qit  W 

of  tire  performance.  The  experimental  results  showed  that  the  consistency  of  the 
soil  could  be  evaluated,  and  that  true  scaled  systems  could  be  achieved,  A single 
term  was  developed  that  combined  all  of  the  independent  parareters  and  this  term 
was  shown  to  be  related  to  the  dependent  parameters.  Curves  delineating  the  fol- 
lowing relations  were  developed: 


t Q r . 

Z * ciu  ’ " vf 


CCbl  6 

v~l  1. 
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11  ABSTRACT 


Grain-size  distribution,  Atterberg  limits,  organic  natter  content,  dry  unit 
weight,  field  moisture  content,  and  strength  of  the  6-  to  12-in.  soil  layer 
vere  measured  once  during  the  vet  season  at  65  test  sites  located  in  northeast 
Louisiana  and  southeast  Arkansas.  Soils  verc  modal  silt  loans  of  four  related 
series:  Loring,  Grenada,  Callovcy,  and  Jtenry.  Scries  descriptions  and  typical 

soil  profiles  of  the  soil  scries  are  given  in  Appendix  A.  Regression  analysis 
vas  used  to  relate  cone  index,  renolding  index,  and  rating  core  index,  respec- 
tively, to  mois  tore  content  for  all  scries,  individually  and  grouped.  Differences 
betveen  individual  series  regressions  vere  not  significant  (0.05  level).  The 
group  equation  for  rating  cone  index  vas  significant  (0.01. level)  and  explained 
66  percent  of  the  variation  in  rating  cone  index  associated  vith  changes  in 
nois  ture  content.  To  illustrate  use  of  the  results,  the  group  equation  for 
rating  cor.e  index  vas  used  to  estimate  the  trafficability  of  a forested  area  for 
a TD-9  tractor  for  each  day  of  a l6-month  period.  The  estimates  agreed  closely 
vith  observed  field  conditions,  suggesting  that  the  four  series  can  be  combined 
for  trafficability  classification. 
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A group  of  specialists  was  assembled  at  the  U.  S.  Army  Engineer  Waterways 
Experiment  Station  (WES)  to  consider  quantitatively  the  various  elements  of  the  entirej 
vehicle  mobility  problem  and  to  suggest  an  approach  for  achieving  a substantial 
degree  of  solution.  One  specific  purpose  of  the  meeting,  and  the  one  that  is  the 
subject  of  this  paper,  was  to  design  a number  of  vehicles  capable  of  operating  in 
remote  areas  of  the  world  where  extremely  soft  soil  conditions  predominate. 

Methods  of  design  based  on  research  studies  at  the  WES  and  at  the  Land 
Locomotion  Laboratory,  U.  3.  Army  Tank-Automotive  Center,  were  employed  to 
specify  tractive  component  characteristics  that  would  yield  the  desired  soft 
soil  performance.  The  final  concepts  t'  at  were  evolved  reflect  chiefly  the  soft 
soil  requirements,  but  other  factors  such  as  obstacle  performs, cs.  were  8lso  kept 
in  mind.  This  paper  describes  the  application  of  the  cesi-.n  methods  and  presents 
the  two  wheeled-vehicle  concepts  ar/1  the  one  trjcked-ver.i.  le  concept,  that  were 
evolved  to  satisfy  the  basic  assumptions. 
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IS-  ABSTRACT 


A method  for  classifying  and  mapping  terrain  features  pertinent  to  off -road 
mobility  in  selected  temperate,  tropical,  and  desert  areas  was  applied  to 
subarctic  terra It  in  this  study.  The  area  Involved  borders  the  Automotive 
Test  Course  of  the  U.  S.  Aray  Arctic  Test  Center  at  Fort  Greely,  Alaska,  and 
is  roughly  2000  ft  vide  and  IS  miles  long.  Conditions  mapped  were  those 
prevalent  during  the  late  summer.  The  classification  and  mapping  method  proved 
satisfactory  with  only  minor  modifications.  Terrain  factors  unique  to  cold 
regions  which  require  additional  research  before  they  can  be  properly  classified 
and  mapped  for  mobility  test  purposes  include  depth  of  thaw,  snow  depth,  snow 
type.  Ice  thickness,  and  stream  turbidity. 


KEYWORDS:  Military  bases;  Offroad  mobility;  Subarctic  regions; 
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This  paper  presents  the  results  of  the  develop aent  of  semiempirical  formulas 
for  the  towed  force  and  for  the  maximum  drawbar  pull  of  pneumatic-tired  wheels 
in  soft  soils.  It  assumes  that  the  depth  of  sinkage  of  the  wheel  is  known,  and 
it  utilizes  an  "effective  shear  strengti."  for  the  soil  based  upon  an  empirical 
correlation  with  the  V.'ES  cone  index.  It  includes  an  appendix  that  presents  a 
mathematical  theory  for  load-penetration  relations  for  some  idealized  materials. 
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19  ABSTRACT 

Traff inability  tests  were  conducted  in  fine-grained  soils  with  two  vehicles  with 
9-  to  10-ton  wheel  loads,  the  LeTourneau  Electric  Digger,  Model  L-28,  and  the 
LeTourneau  Log  Stacker,  Kcdel  F.  Forty-one  "go-no  go"  tests  were  performed  on 
three  different  soils  classified  CH,  CH/CL,  and  Cl/ML.  Results -showed  that  the 
minimum  soil  strength  requirements  (vehicle  cone  indexes)  for  50  passes  of  the 
Electric  Digger  and  the  Log  Stacker  were  185  and  150,’  respectively.  A revised 
mobility  index  formula,  discussed  in  Appendix  A,  proved  to  be  more  reliable  than 
the  original  mobility  index  formula  f.or  computing  vehicle  cone  indexes  of  the 
two  vehicles.  When  the  Digger's  tire  inflation  pressure  yas  reduced  from  75 
to  27  psi,  the  experimental  VCI  was  reduced  from  185  to  l6c.  Limited  data  sug- 
gest that  the  development  of  trafficability  criteria  for  less  than  10  passes 
of  a vehicle  will  require  a careful  analysis  of  the  rate  of  remolding  of  the 
soil  by  vehicle  wheels  or  tracks  and  of  the  relative  influence  of  various  soil 
layers . 
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U.  S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Mississippi 


This  report  summarizes  the  discussions  of  a meeting  held  at  the  U.  S.  Army 
Engineer  Waterways  Experiment  Station  on  29-30  November  1966  to  review  the  progress 
of  studies  related  to  soil  traf f lcability  prediction  conducted  since  the  last  con- 
sultants meeting  in  1958  and  to  afford  the  consultants  an  opportunity  to  comment 
on  problem  areas  anl  make  recommendations  for  future  research.  Summaries  were  pre- 
sented on  studies  as  follows:  methods  of  soil  moisture  prediction  for  traf f lcability 

purposes  (C.  A.  Carlson);  effects  and  deficiencies  of  factors  used  in  WES  soil 
moisture  prediction  system  (A.  R.  McDanial);  a tentative  soil  strength  prediction 
system;  influence  of  water  tables  on  soil  moisture  and  soil  strength  (J.  G.  Collins); 
Influence  of  soil  variability  on  soil  moisture  and  soil  strength  predictions 
(H.  D.  Molthan);  comparison  of  soil  moisture  prediction  factors  for  temperate  and 
tropical  climates  (M.  H.  Smith);  predicting  and  portraying  soil  moisture  on  an 
areal  basis  in  Costa  Rica  (A.  R.  McDanial);  and  soil  traf f lcability  classification 
scheme  (M.  P.  Meyer). 


KEYWORDS:  Meetings;  Soil  moisture  prediction;  Soil  strength  prediction;  State- 

of-the-art  studies;  Trafficability ; Trafficability  prediction 
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Meeting  of  the  Quadripartite  Standing  Work-  u.  S.  Armv  Materiel  Command  A the  Advanced 
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Remote  Area  Conflict 


This  report  summarizes  two  WES  contract  studies  in  vehicle  ride  dynamics,  each 
with  a different  approach  to  the  problem  of  describing  and  defining  the  dynamic 
response  characteristics.  One  study,  conducted  by  Chrysler  Corporation,  is  reported 
in  "A  Study  of  the  Vehicle  Ride  Dynamics  Aspects  of  Ground  Mobility,”  WES  Contract 
Report  No.  3-114,  Vols.  1 and  2,  Mar  1965  and  Vols.  3 and  4,  Apr  1965.  The  other, 
conducted  by  FMC  Corporation,  is  reported  in  ”A  Computer  Analysis  of  Vehicle  Dynamics 
While  Traversing  Hard  Surface  Terrain  Profiles,"  WES  Contract  Report  No.  3-155,  Feb 
1966.  The  dual  approach  reveals  two  separate  and  distinct  problems.  One  problem  is 
to  define  force  and  motion  in  a suspension  system  in  such  a way  that  the  relations 
can  be  used  to  improve  the  design  of  suspension  systems.  This  the  FMC  Corporation 
mathematical  model  appears  to  do.  The  other  problem  is  to  describe  motion  in  objective 
terms  in  such  a way  that  the  mathematically  derived  terms  correlate  directly  with 
human  response.  While  a satisfactory  solution  to  this  problem  has  not  yet  been 
achieved,  it  appears  that  the  Chrysler  Corporation  statistical  procedure  will  be 
suitable  for  this  purpose. 
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U.  S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Mississippi 


The  aerial  cone  penetrometer  is  a simple  device  for  the  determination  of  soil 
trafficability  for  a remote  source.  It ’has  a number  of  oosslble  military  applica- 
tions and  would  require  only  a modest  amount  of  additional  development  to  make  it 
a practical  Army  tool.  The  credibility  of  the  aerial  cone  penetrometer  is  best 
exemplified  by  the  smooth  and  reproducible  relations  that  exist  between  soil  strength 
(as  measured  in  terms  of  cone  index)  and  depth  of  penetration  of  the  aerial  pene- 
trometer (at  a constant  contact^velocity) . 
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Trafficability  tests  (12  self-propelled  and  k maximum  drawbar  pull)  were  con- 
ducted in  a heavy  clay  soil  to  determine  performance  capabilities  of  a small,  two- 
wheel-drive  industrial  tractor.  The  minimum  soil  strength  required  for  50  passes 
of  the  vehicle , or  the  vehicle  cone  index  ( VCI ) , was  determined  from  these  tests 
to  he  49 . The  VCI  computed  by  a revised  (March  1967)  mobility  index  formula  was 
51.  The  one-pass  VCI  determined  from  the  self-propelled  and  limited  maximum-drawbar- 
pull  testa  was  27,  or  55  percent  of  the  experimental  50-pass  VCI. 
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U.  S.  Army  Materiel  Consnand 


A procedure  is  presented  for  the  selection  and  description  or  reference  test 
areas  (RTA's)  In  which  the  Quadripartite  nations  can  test  and  evaluate  their  military 
vehicles . The  procedure  consists  of  four  phases : 

a.  Selection  of  areas  of  national  interest  by  each  of  the  Quadripartite  nations. 

b.  Identification  and  description  of  the  facets  comprising  the  areas  of 
national  interest. 

£.  Selection  of  PTA's  within  each  member  nation  in  a location  which  exhibits 
the  max  1mm  number  of  facet  types  as  found  in  the  areas  of  national  interest. 

d.  Description  of  all  RTA's  in  terms  of  landscape  pattern,  facet  and  sub facet 
composition,  factor  value  ranges  characterizing  each  facet  and  subfacet,  and 
factor  values  mapped  independently. 

The  factor  value  descriptions  must  be  in  teima  of  ranges  of  values  for  those  factors 
which  significantly  affect  vehicle  performance.  The  factors  are  hypothesized  to  be: 

a.  Soil  factors:  soil  mass  strength,  soil  surface  strength. 

b.  Vertical  obstacles:  macroslope,  step  height,  width,  length,  spacing, 
approach  angle,  soil  mass  strength. 

£.  Lateral  obstacles:  spacing,  stem  spread,  branching  height,  clustering  index. 

d.  longitudinal  obstacles:  spacing,  stem  dian;*ter , bending  strength, 
clustering,  soil  mass  strength. 

£.  Water- land  interface:  depth,  approech  angle,  current  velocity. 
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This  paper  presents  limited  background  on  ground-flotation  criteria  development  and  some 
of  the  concepts  on  which  current  criteria  are  based.  It  gives  an  insight  into  various 
problem  areas  in# development  of  the  criteria  and  explains  the  extent  or  limits  of 
applicability  of  flotation  criteria  presently  in  use.  In  the  final  portion  of  the 
paper,  emphasis  is  given  to  the  particular  aircraft  characteristics  that  contribute 
good  or  high  flotation  and  some  discussion  is  presented  of  factors,  not  treated  by 
current  criteria,  which  recent  research  indicates  may  have  a significant  effect  on 
flotation. 
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In  tests  of  the  XM759  logistical  carrier  on  a sticky,  heavy  clay,  serious  soil  buildup 
occurred  between  the  tires  and  sponson.  This  experience  led  to  a limited  study  in 
which  a single  wheel  (2hx21-6N  Terra  tire)  from  the  XM759  was  rolled  through  a heavy 
clay  at  various  moisture  contents  and  then  over  five  metal  and  plastic  panels  to  deter- 
mine the  effects  of  these  possible  sponscn-ecnstruction  materials  on  soil  buildup. 

The  materials  tested  were  aluminum,  steel,  Teflon,  Formica,  silicone-sprayed  aluminum, 
and  nylon.  Soil  buildup  was  greatest  on  steel  and  least  on  Formica  under  optimum 
moisture  conditions  for  soil  accumulation.  However,  iu  is  questionable  whether  cr.e 
material  is  better  than  another  once  the  sponson  surface  area  has  been  completely 
covered  with  soil.  The  probability  of  occurrence  of  soil  buildup  conditions  in  South 
Vietnam  was  a? so  investigated  to  a limited  extent.  Based  on  a number  of  assumptions, 
it  was  concluded  that  the  probability  of  occurrence  of  conditions  conducive  to  ^oil 
buildup  is  3 percent  of  total  land  area  of  South  Vietnam. 
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ts  abstract  This  study  consisted  of  two  test  series  conducted  using  seven  Terra-tires, 

of  which  one  had  a smooth  surface  and  the  other  six  had  various  tread  areas  and 
patterns.  The  first  series  was  to  determine  what  effect  adding  tread  to  the  Terra- 
tires  on  the  MTV  would  have  on  its  slope-climbing  and  pull-producing  ability.  Teste 
were  conducted  on  a strong  fat  clay  with  a wet  surface,  and  each  test  consisted  of 
five  passes  with  a single  wheel  powered  at  20  percent  slip,  or  locked  in  a full 
sK..i.(i  * 

* The  second  series  evaluated  four  materials  for  possible  use  in  sponson  con- 
struction. These  tests  were  conducted  with  the  sane  seven  Terra-tires  on  both  wet 
and  dry  surfaces  of  each  material.  The  wheel  was  either  free  rolling  or  locked. 

In  the  in-soil  tests,  analysis  of  all  five  passes  showed  that  the  treaded 
tires,  regardless  of  pattern,  developed  more  traction  and  skid  resistance  than  did 
the  smooth  tire.  Tread  pattern  appeared  to  have  little  influence  on  the  P/W  value 
developed,  but  tread  area  influenced  those  values  significantly.  Tires  with  eithc 
too  little  or  too  iv.ich  tread  area  serfor-ed  ocorl -• . The  Terra-Crip  and  the  non- 
directior.al  tar  tread  appeared  to  have  the  best  re- -ir.aticn  of  tread  area  and  trea 
arrangement  of  the  tires' tested.  Performance  i-.  the  iocked-wheel  tests  followed 
the  sar.e  general  pattern  as  in  the  tests  with  the  poverec  wheel. 

In  the  tests  to  evaluate  sponsen  materials,  the  performance  i ' the  free- 
rolling  wheel  snowed  no  significant  differences,  regardless  of  the  material  used 
or  the  surface  condition.  In  the  loeked-wheel  tests,  a given  material  generally 
offered  greater  resistance  to  a riven  tire  when  the.  material  was  dry,  but  there 
were  sow  exceptions,  notably  on  caroorundum-imprcgr.atcd  aluminum.  The  highest 
skid  resistance  was  develoned  on  drv  silicon  carbide,  the  lowest  on  wet  structural 


aluminum. 


KEYWORDS:  Clays;  Laboratory  tests;  Pneumatic  tires;  ferra-tires;  Tire  tread 
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U.  EROHPORIHS  MILITARY  ACTIVITY 


U.  S.  Army  Materiel  Command 
Washington,  D.  C.  20315 


This  study  was  directed  toward  obtaining  a fundamental  understanding  of  the  tire- 
soil  system  from  a qualitative  investigation  of  the  behavior  of  pneumatic  tires  operat- 
ing in  soft  soils,  using  failure  theories  of  classical  soil  mechanics.  A series  of 
powered-wheel , programmed-slip  performance  tests  conducted  in  sand  and  clay  were 
analyzed . 

The  soil  in  contact  with  the  tire  is  considered  to  be  in  a state  of  failure  at 
all  slips,  and  it  is  hypothesized  that  the  characteristic  shape  of  the  pull-slip  curve 
is  not  due  to  the  Increase  in  soil  deformation,  but  to  the  rotation  of  the  failure 
plane  with  respect  to  the  tiro-scil  Interface.  Using  some  simple  assumptions  and  the 
approximation  that  measured  forces  were  uniformly  distributed  over  the  tire-soil  con- 
tact surface,  it  is  demonstrated  that  the  hypothesis  is  a plausible  one.  A key  ele- 
ment in  the  analysis  is  the  determination  of  an  angle  9 that  represents  the  angle  of 
the  tire  contact  surface  relative  to  the  horizontal.  Using  this  angle  and  the  forces 
measured  in  a test,  a relation  between  the  ratio  of  tangential  and  normal  stresses  and 
slip  was  developed.  This  rilation  is  interpreted  as  a measure  of  the  rotation  of  the 
failure  plane.  There  appears  to  be  a linear  relation  between  9 and  slip  in  sand, 
and  a hyperbolic  relation  in  clay. 

A discussion  of  slip  is  included  as  Appendix  A. 


KEYWORDS:  Laboratory  tests;  Pneumatic  tires;  Soft  soils;  Soil-wheel  interaction; 
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Air  Force  Flight  Dynamics  Laboratory 
Research  and  Technology  Division 
AF  Systems  Command,  WPAFB,  Ohio 


This  report  describes  work  undertaken  as  part  of  an  overall  program  to  develop  ground- 
flotation  criteria  for  the  C-5A  airoraft.  A test  section  was  constructed  to  a vidth 
adequate  for  deven  similar  test  lanes.  Each  lane  was  divided  into  two  unsurfaced 
items  having  different  aubgrade  CBR  values.  Traffic  was  applied  by  a model  vide  tire, 
a multiwheel  assembly,  and  a conventional  single-vheel  assembly.  The  same  load  and 
tire  pressure  were  maintained  for  all  tests.  This  report  presets  a description  of 
the  test  section  and  t ieel  assemblies,  and  gives  soil  strengths,  drawbar  pull,  and 
surface  deformations  and  deflections.  A1  so,  the  number  of  traffic  passes  completed- 
before  failure  occurred  on  each  test  it .m  is  given.  An  analysis  of  traffic  data, 
with  conclusions,  is  presented. 


KEYWORDS:  Aircraft;  Aircraft  tires;  Ground  flotation;  Pneumatic  tires 


Unclassified 


M.E 


OOCUMENT  CONTROL  DATA -RAD 

RtoMfrtcatjjR  of  ntt*.  Wr  •/  rtiwct  an!  W<«M|  «imrtrtw>  iwiif  W wNw<  «Hb— 


th*  fpmri  la 


OAiKINATIMK  ACTIVITY  fCApiiH  »H»rJ 

U.  S.  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Miss.  39180 


M.  MCUAITY  ClAMIVICATIOM 


Unclassified 


EXPEDIENT  SURFACE-SOIL  SAMPLING 


4.  OEtCRiRTivC  NOTH (Typ*  •! t+pmt  *m4  Jac/mJiv  4mf») 

Final  report 

«.  AMTHORW  (Pint  —I.  5b3>  B53,  u*t  n*mm) 

Sterling  J.  Knight 
Claude  A.  Blackmon 


December  1967 


TA  TOTAL  NO.  OP  PACKS 


_2S_ 


CO  COM  TO  ACT  OR  GRANT  NO- 


ObPoojccTMo.  DA  4A6l!040101  D859 
Supplemental  Dust  Control 


O.  OOlClMATOirt  REPORT  MOM»C«t»» 


Miscellaneous  Paper  No.  4-949 


M.  OTHER  RERORT  HOtOI  (Am/f  •Jftor  r 


► itor  mmr  *• 


AD  71*6  350 


II.  oestmkuttom  itatiment 

Approved  for  public  release;  distribution 

unlimited. 

«l.  AM^RACT 

t*.  f»ON»OIIIM«  WI.ITAM  ACTIVITY 
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A study  was  made  to  determine  practical,  expedient  methods  of  securing  and  containing 
surface-soil  samples  when  soil  sampling  equipment  is  not  available.  Detailed  exam- 
ination of  24  cans,  digging  tests  with  three  cans,  and  soil  moisture-retention  tests 
of  eight  types  of  covers  indicated  that  any  all-metal  can  makes  a good  tool  for  dig- 
ging and  containing  surface-soil  samples.  A 12-oz  beer  can  is  judged  to  be  a good 
choice  for  expedient  surface-soil  sampling  because  of  its’ubiq'uity,  size,  shape, 
sturdiness,  and  resistance  to  corrosion.  A plastic  cover  that  fits  a round  can  snugly 
and  two  types  of  cloth-backed  adhesive  tape  are  considered  to  be  effective  covers  for 
retaining  the  moisture  in  a soil  sample  in  a can.  Detailed  procedures  for  surface- 
soil  sampling  are  given. 
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The  purpose  of  this  study  was  to  establish  a relation  between  soil  strength  and 
walking  speed.  Ten  tests  were  conducted  on  fine-grained  soil  and  a wide  range  of 
soil  strengths  with  five  walking  participants  in  most  tests.  Best  telations  were 
developed  between  walking  speed  and  depth  of  footprint  versus  soil  srrength  in 
terms  of  cone  index.  Walking  speeds  ranged  from  0 mph  on- a cone  index  of  6 to 
about  4 mph  on  a cone  index  of  11;  average  walking  speed  bn  pavement  was  4.67  mph. 
Walking  speed  increased  from  0 to  about  4 mph  for  depths  of  22  in.  (immobilization) 
and  5 in.,  respectively.  Between  the  5-  and  0-in.  footprint  depths,  speed  varied 
between  4.0  arid  4.5  mph. 
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IS  ABSTRACT 


Analysis  techniques  developed  at  the  U.  S.  Army  Engineer  Waterways 
Experiment  Station  for  military  trafficability  studies  are  described. 
Similarities  between  operations  of  military  vehicles  and  forestry  vehicles 
are  noted,  and  the  results  of  tests  conducted  with  a rubber-tired  3kidder 
are  presented  and  analyzed. 
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Penetrometers  are  well  suited  for  measuring  soil  properties,  but  there  are  sone 
factors  that  limit  their  applicability.  Test  data  accumulated  by  the  D.  S.  Army 
Engineer  Waterways  Experiment  Station  are  used  to  identify  these  factors  and  to 
indicate  their  Influence. 
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This  paper  summarizes  a report,  "Comparison  of  Engineering  Properties  of  Selected 
Temperate  and  Tropical  Surface  Soils,"  published  in  June  1966.  Field  and  laboratory 
tests  were  conducted  on  11  fine-grained  soils  from  the  temperate  climate  of  the  Unitei 
States  and  17  fine-grained  soils  from  the  tropical  climates  of  Puerto  Rico,  Panama 
Cana*  Zone,  Hawaii,  and  Thailand  to  determine  trafficability  of  the  soils  and  other 
engineering  properties.  Soils  were  collected  from  the  6-  to  12-in.  layer  for  a wide 
range  of  parent  materials.  Temperate  and  tropical  soils  of  each  parent  material  were 
selected  on  the  basis  of  toeir  similarity  in  the  Unified  Soil  Classification  System 
and  topographic  positior.  A comparison  of  physical,  mineralogical , and  chemical 
properties,  and  results  of  standard  and  special  engineering  tests  indicate,  with  few 
exceptions,  no  significant  differences  between  temperate  and  tropical  soils  fron  a 
similar  parent  material.  It  is  concluded  that  temperate  and  tropical  soils  of  slmilai 
parent  materials  and  Atterberg  limits  generally  have  other  engineering  properties 
that  are  similar  and  behave  similarly  when  subjected  to  standard  and  special  engi- 
neering • laboratory  tests.  Differences  in  behavior  betweeu  soils  from  each  of  the 
climates  can  be  associated  with  differences  in  Atterberg  llsdts. 


KEYWORDS:  Laboratory  tests;  Parent  materials  (Soils);  Soil  property 

relations;  Soil  property  variations;  Temperate  regions;  - 

Trafficability;  Tropical  regions  e 


DOCUMENT  CONTROL  DATA  - R 4 D 

(S*cmity  cl—tlic+Hft  mt  tIHm,  to#  W aMwcl  Mrf 


1.  OMICIMATtNC  ACTIVITY  fTlflWN  <yAV) 

U.  S.  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Miss. 


REPORT  OF  SECOND  MEETING;  VICKSBURG  MOBILITY  EXERCISE  A;  DESIGN  OF  FIELD  TEST  PROGRAM 
(8-10  February  1967,  Vicksburg,  Mississippi) 


March  1968 


•a  comtmac t or  aaamt  ho. 


a.  RROJCCT  HO. 


1V021701A046 


Miscellaneous  Paper  Mo.  4-979 


am  auTKM  (Tatsmcn r 


Approved  for  Public  Release;  Distribution  Unlimited 


It-  eueei.cMKHTAnr  noth 


See  Miscellaneous  Paper  No.  4-702. 


•a  mwOM» MILITARY  ACTIVITY 

U.  S.  Army  Materiel  Coraand 
Washington,  D.  C.  20315 


A second  meeting  of  a group  of  mobility,  soil,  and  terrain  evaluation  specialists  of 
the  U.  S.  Army  Materiel  Cosmand  and  the  U.  S.  Army  Corps  of  Engineers,  together  with 
associated  consultants,  was  held  at  the  Waterways  Experiment  Station  8-10  February 
1967  to  design  and  Implement  an  agreed-upon  field  program  for  testing  the  three 
vehicle  test  beds. 
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Gamma  radiation  from  soil  samples  obtained  from  nearly  all  cf  the  states  and 
Puerto  Rico  was  measured  in  the  laboratory  and  the  results  were  analyzed  to  evaluate 
the  use  of  gamma-ray  measurements  to  convey  certain  information  about  the  soil.  The 
d ta  were  arranged  according  to  land  usage,  i.e.  cultivated  or  uncultivated,  and  into 
classifications  according  to  the  following  systems:  geological  material  type, 

geological  material  age,  U.  S.  Department  of  Agriculture  (USDA)  Great  Soil  Group, 
and  USDA  Soil  Order  based  on  the  Seventh  Approximation.  By  plotting  the  gamma-ray 

232  AO  238  AO 

photopeak  count  ratios  of  Tn  >K  versus  U /K  and  the  normalized  photopeak 
238  232 

counts  for  U and  Th  versus  sand  content,  it  was  shown  that  the  criteria  for 

separating  the  soils  were  either  too  broad  or  not  significant  to  the  gamma-ray  ^33 
emissive  characteristics  of  soil.  However,  the  data  showed  that  the  Tb232  an(j  jj 
photopeak  counts  depended  upon  the  particle  size  distribution  in  the  soil  and  indi- 
cated that  gamma-ray  measurements  can  provide  a qual  .tatlve  indication  of  sand  content, 
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A study  ms  made  of  the  effects  of  various  testing  techniques  on  the  performance  of  a 
test  wheel  mounted  with  a pneumatic  tire  operating  in  an  air-dry  desert  sand.  Tests 
employing  both  controlled-slip  and  controlled-pull  techniques  were  conducted  with  a 
single-wheel,  dynamometer-equipped  carriage.  The  results  are  presented  in  the  form 
of  graphs  with  emphasis  placed  upon  the  pull-slip  and  torque-slip  relations.  For 
the  conditions  tested,  wheel  performance  was  found  to  be  independent  of  testing 
techniques  with  one  exception:  Consistent  differences  were  noted  when  comparing  re- 

sults of  programmed-lncreasing  and  prograaned-decreaslng  slip  tests.  Although  this 
disagreement  occurred  only  for  a narrow  range  of  slip  (approximately  -10  to  +10  per- 
cent), it  can  be  important. 

A brief  analysis  of  the  horizontal  forces  acting  on  the  dynamometer  is  given  to 
amplify  certain  relations,  particularly  differences  in  pull-slip  and  drawbar  pull- 
slip  responses.  It  is  shown  that  because  of  the  inability  to  always  attain  a stable 
cond^lon,  controlled-slip  tests  are  better  than  controlled-pull  tests  for  defining 
pull-slip  and  torque-slip  relations. 


KEYWORDS:  Laboratory  tests;  Pneumatic  tires;  Sands;  Soil-vheel  interaction; 

Test  techniques;  Tire  periu.-mance 
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Some  typical  aspects  of  the  rolling  motic.i  of  pneumatic- tired  wheels  in  dry  sand  are 
described  in  qualitative  terms.  The  positive  slip  range,  between  the  self-propelled 
condition  and  100  percent  slip,  is  considered.  In  this  range,  three  phases  of  the 
phenomenon  are  distinguisheJ  according  to  the  rate  of  variation  of  torque  and  pull. 

The  parameters  used  for  the  description  are  energy  coefficients:  torque,  pull,  and 

dissipated  energy  coefficients.  Experimental  results  are  given  to  illustrate  this 
approach. 

The  first  part  of  the  paper  describes  the  three  phases  of  rolling  motion  with  respect 
to  slip  and  defines  the  energy  parameters.  The  second  part  is  a discussion  of  the 
observed  effects  of  wheel  load,  sand  strength,  and  tire  characteristics  upon  (a)  the 
rate  of  increase  of  torque  at  low  slips,  (b)  the  value  of  the  maximum  pull/load  ratio, 
and  (c)  the  rates  of  increase  or  torque  energy  and  dissipated  energy  at  medium  and 
high  slips. 

This  discussion  illustrates  the  physical  understanding  of  rolling  notion  in  rand  that 
can  be  gained  from  the  comparative  study  of  each  phase  for  various  tires  under  var- 
ious load  and  soil  conditions.  Such  a comparison  provides  a means  of  specifying  the 
differences  in  performance  between  different -.tires.  The  discussion  also  questions 
the  agreement  between  observed  facts  and  existing  theories.  It  is  found  that  impor- 
tant aspects  consistently  observed  in  tire  performance  are  not  predicted  by  any 
present  theory. 

KEYWORDS:  Laboratory  tests;  Pneumatic  tires;  Sands;  Soil-wheel  interaction:  Tire  I 
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ti 


IE*  SPONSORING  Ml  LIT  ART  ACTIVITY 


U.  S.  Amy  United  War  Laboratory 
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The  major /minor  wheel  vehicle,  an  experimental  vehicle  that  employs  the  Terras  tar  loco- 
motion concept,  was  testod  an  soils  having  e wide  range  of  strengths,  on  asphalt  pave- 
ment, and  in  -rater.  The  purpose  of  the  tests  was  to  determine  (a)  the  minimum  soil 
strength,  in  terns  of  rating  cone  index,  that  will  permit  the  vehicle  to  complete  one 
i and  50  passes  in  a straight-line  path  (i.e.  the  vehicle  cone  index  for  one  paaa,  VCIi, 

1 and  50  paassa,  VCI50),  (0)  one-pass  drawbar  pull-slip  and  motion  resistance-soil 
strength  relations,  (c)  hard  surface  drawbar  pull-vehicle  speed  relations,  (d)  slope- 
climbing capabilities,  (e)  water  speed,  and  (f)  water  exit  capabilities.  Mechanical 
breakdowns  prevented  completion  of  some  port* "ns  of  the  test  program.  The  experi- 
mental VCI-,  was  determined  to  be  21  and  che  experimental  VCI.  to  be  8.  This  compares 
favorably  «th  the  computed  VCI-_  of  Z1  and  computed  VCIj^  of  1U.  The  meximwa  drawbar 
pin  on  a paved  surface  was  65  percent  of  vehicle  weight;  the  maximum  drawbar  pull  on 
soil  was  about  57  percent  of  vehicle  weight.  Maximum  dravbar  pull  and  motion  resist- 
ance were  shown  to  be  related  to  soil  strength.  The  maximum  water  soeed  was  3.0  mph. 
Appendix  A present*  the  frcaula  uad  computations  for  determination  of  the  vehicle 
cone  index. 
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The  data  shown  Indicate  that  a mathematical  representation  of  pneumatic  tire,  in 
terms  of  the  deflections  of  tiany  radial  segments,  successfully  displays  the  es- 
sential feature  of  horizontal  and  vertical  forces  transmitted  through  the  tire. 

It  is  indicated  further  that  the  segmented  tire  model  enables  realistic  predictions 
to.be  made  of  the  displacement  and  force  time  histories  for  a pneumatic  tire  towed 
over  a rigid  obstacle. 
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o. Current  theoretical  concepts  of  the  soil-running  gear  interaction  are  based 
on  empirical  pressure-sinkage  and  shear  stress-displacement  relations.  It  was  found 
that  the  tests  from  which  these  relations  were  obtained  present  a poor  analogy,  at 
best,  to  the  soil-running  gear  interaction.  In  particular,  the  use  of  the  shear 
stress-displacement  relation  for  an  analytical  evaluation  of  the  shear  stresses  at 
the  contact  surface  of  rigid  wheels  on  sand  was  found  to  be  misleading,  primarily 
because  equations  obtained  by  the  bevameter  or  dragged  plate  tests  describe  the  soil 
behavior  in  the  intermediate  state,  which  is  a state  between  the  elastic  and  plastic 
states.  Recent  publications  point  out  that  part  of.  the  soil  m the  immediate 
vicinity  of  a powered  wheel  is  in  a state  of  actual  plastic  flow  and  part  is  in  a 
quasielastic  state.  Thus,  the  soil-bevameter  interaction  is  of  a fundamentally  dif- 
ferent nature  than  the  soil-wheel  interaction,  which  makes  results  of  such  tests  un- 
suitable for  predicting  wheel  performance.  Sela’s  theory  of  the  relation  between  a 
rigid  wheel  and  dry  sand  is  based  exclusively  on  the  shear  stress-displacement  con- 
cept, and  thus  provided  an  excellent  moans  of  checking  the  concept  as  a whole. 

Using  a simple  approximate  relation  between  the  V, ratio  and  the  mean  shear-to- 
noraal  stress  ratio  taken  over  the  total  contact  surface,  the  theory  was  checked  by 
means  of  constant-slip  rigid  wheel  tests.  The  experimental  findings  strongly  sup- 
ported the  conclusion  that  shear  stress-displacement  relations  are^irrelevant  to" 
soil-wheel  mechanics.  A new  theory  was  developed  to  assess  the  variation  of  the 
shear-to-nornal  stress  ratio  along  the  soil-wheel  interface,  without  referring  to 
I shear  stress-displacement  relations.  This  is  a subject  of  another  paper. 
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The  mathematical  model  for  a pneunatlc  tire  described  in  this  paper  is  used  to 
compute  the  horizontal  and  vertical  forces  transmitted  through  the  tire  to  the  vehicle 
axle  to  provide  realistic  force  Inputs  for  model  studies  of  vehicle  dynamics.  The 
present  model  is  valid  tor  the  case  of  a pneumatic  tire  traversing  nondeforming 
obstacles  with  zero  slip.  Static  load-deformation  characteristics  and  dynamic 
obstacle-traversal  characteristics  were  obtained  in  laboratory  test  with  9.00-14  tires 
under  several  conditions  of  ply  rating  and  inflation  pressure.  These  data  were  used 
to  calculate  model  parameters  and  to  produce  time  histories  of  dynamic  responses. 
Computer  implementation  of  the  mathematical  model  produced  force  and  displacement  time 
histories  similar  to  those  obtained  during  the  obstacle-traversal  laboratory  tests. 
The  model  produced  the  essential  features  of  the  waveforms  seen  in  the  laboratory  and 
is  a valid  representation  of  a pneumatic  tire  for  dynamic  analysis  of  vehicles  on 
rumyielijing  terrain. 


KEYWORDS:  Mathematical  models.  Mobility;  Obstacle-wheel  interaction;  Pneumatic 

tires;  Ride  dynamics 
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abstract 

An  attempt  is  made  to  theoretically  assess  the  variation  of  the  shear-to-normal  stress 
ratio,  t/o  , along  the  soil-wheel  interface  without  referring  to  shear  stress- 
displacement  relations  believed  to  be  irrelevant.  Eased  on  recent  investigations  of 
the  soil  rupture  pattern  beneath  rigid  wheels  on  cohesionless  material,  the  total 
soil-wheel  interface  is  subdivided  into  three  zones  of  different  soil  behavior. 

Simple  assumptions  are  made  of  the  soil-to-wheel  movements  within  these  zones  to 
evaluate  t/o  . Experimental  checks  showed  the  approach  developed  herein  to  be  in 
better  agreement  with  the  test  data  than  were  previously  developed  theories. 


KEYWORDS:  Soil-wheel  interaction;  Stress-strain  relations  (Soils);  Stresses  under 

wheels 
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Trafficability  tests  were  conducted  with  a log  skidder  to  determine  the  applicability 
of  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  mobility  index  formula 
to  articulated,  rubber-tired,  four-wheel-drive  vehicles.  Self-propelled  tests  without 
and  with  a Uooo-lb  rear  axle  load  were  conducted  to  determine  experimentally  the  mini- 
mum soil  strength,  or  vehicle  cone  index  (VII),  for  one-pass  (VCIi)  and  50-pass  (VCI50) 
3traight-line  operations.  Drawbar  pull-sli.J  and  motion  resistance-soil  strength  rela- 
tions for  soils  ranging  in  strength  from  25  +o  10^  rating  cone  index  (RCI)  were  deter- 
mined. The  experimental  VCI50  was  determined  from  self-propelled  tests  performed  on 
heavy  clay  and  lean  clay  soils  to  be  33  without  a ’■ear  axle  load  and  38  with  a load, 
which  is  approximately  3 RCI  units  on  the  conserva\ive  side.  The  experimental  VCIi  was 
determined  to  be  l6  with  "cad  and  1^  without  load.  Seven  drawbar  pull  tests  with  load 
and  five  tests  without  load  were  performed  on  soils  classified  as  organic  silt  (in  the 
0-  to  2-in.  layer)  and  fat  clay  (in  the  2-  to  30-in.  layer).  Good  correlation  was 
obtained  between  both  drawbar  pull  at  40%  slip  and  maximum  drawbar  pull  at  <951  slip 
and  cone  index  (Cl)  of  the  surface  layer,  at  the  3-in.  depth,  and  of  the  0-~to  6-in. 
layer,  respectively.  Correlations  between  drawbar  pull  and  RCI  were  not  as  good  as 
those  between  drawbar  pull  and  Cl.  Drawbar  pull  correlated  well  with  the  surface  shear 
stress  as  measured  with  the  Cohron  sheargraph.  The  WES  formula  and  computations  for 
the  determination  of  VCI  for  the  log  skidder  are  presented  in  Appendix  A. 

KEYWORDS:  Clays;  Field  tests;  Logging  vehicles;  Mobility;  Organic  soils; 

Trafficability;  [Log  skidder] 
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y U.  S.  Army  Materiel  Command 
Washington,  D.  C.  20315 

Existing  research  facilities  at  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES) 
are  being  utilized  in  a systematic  approach  to  developing  and  validating  more  reliable 
models  of  the  man-vehicle-terrain  system.  Specific  attention  is  being  jiven  to 
developing  more  realistic  models  of  tires,  tracks,  and  deforming  soil,  '.lie  dynamometer 
systems  at  WES  are  being  utilized  to  evaluate  these  models  and  to  determine  dynamic 
characteristics  of  certain  tires  and  track  systems.  High-speed  computing  facilities 
are  being  used  extensively,  and  capabilities  for  in-house  simulation  activities  are 
being  increased.  Obstacle  courses  and  test  tracks  will  be  used  to  evaluate-  analytical 
models  and  assess  the  yalidity  of  criteria  for  determining  ride  quality  and/or  vehicle 
speed. 
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The  major/minor  wheel  vehicle  it  an  experimental  vehicle  that  employ*  the  Temstar  locomotion  con- 
cept A previous  test  program  was  conducted  with  die  vehicle  equipped  with  16x14.5-6  tires, 
whereas  in  this  program  the  vehicle  was  equipped  with  20x14-10  tires.  The  main  purpoee  of  the 
program  was  to  determine  whether  the  larger  tires  improved  vehicle  performance.  Performance  param- 
eters were  go  or  no-go,  one  and  50  passes,  in  soft  soil;  maximum  water  speed;  water  exit;  and  ver- 
tical step  height  capabilities.  Mechanical  breakdowns  reduced  considerably  the  amount  of  testing 
compared  to  that  anticipated  at  die  start  of  the  program.  Comparison  o*  the  results  of  die  two  pro- 
ipams  shows  that  the  larger  tires  reduced  one-pass  soft  soil  vehicle  cone  index  from  8 to  5 and  in- 
creased maximum  water  speed  from  2.8  to  3.1  mph.  Water  exit  capabilities  were  at  least  as  good 
with  the  larger  tires.  A vertical  step  height  of  22  in.  was  mounted  with  ease  with  the  20x14-10 
tires.  Step  height  tests  were  not  attempted  with  the  vehicle  equipped  with  the  smaller  tires. 
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A series  of  reports  prepared  by  the  Joint  Thai-U.  S.  Military  Research  and  Development 
Center  were  reviewed  to  determine  the  effects  of  Jungle  trail  features,  especially  trail 
width,  on  performance  of  the  M274  >j-ton  Carrier  and  two  concept  vehicles,  one  65  in.  and 
the  other  80  in.  wide.  In  these  reports  it  was  generally  concluded  that  vehicles  whose 
widths  approached  90  in.  experienced  difficulty  along  the  trails.  Overhanging  vegeta- 
tion and  fallen  trees  restricted  driver  visibility  and  damaged  vindshields  of  vehicles 
whose  heights  were  about  80  in.  or  more.  Slippery  soils  and  steep  streambanks  plagued 
trail  operations;  deep  ruts  in  the  trail  surface  also  caused  considerable  problems.  Non 
amphibious  vehicles  experienced  numerous  engine  failures  in  fording  operations.  Streams 
deep  enough  to  float  vehicles  had  current  velocities  less  tnan  3 mph.  Based  on  the 
review  of  these  reports,  the  following  suggestions  are  made.  The  vehicle  should  be  less 
than  90  in.  wide  and  less  than  80  in.  high.  Ground  clearance  should  be  greater  than  l8 
in.  and  the  underbody  should  be  smooth.  The  turning  radius  should  be  less  than  15  ft. 
The  traction  elements  should  have  the  traction  capabilities  of  a track  and  the  low  main- 
tenance requirements  of  a wheel.  The  vehicle  should  be  amphibious  and  should  be  able  t "> 
maintain  directional  control  against  a current  velocity  of  3 mph.  However,  if  nonampbib 
ious  but  equipped  with  waterproof  ignition  and  exhaust  systems,  the  vehicle  would  meet 
approximately  90  percent  of  the  requirements  for  water  crossing.  The  vehicle  should  hav< 
a high-capacity  winch  and  power  steering  or  easy  steering  capabilities.  Ground  pressure 
in  the  order  of  2 psi  or  less  are  desirable  for  soft  soils  that  may  be  encountered. 


KEYWORDS:  Field  tests;  Jungle  trails;  Military  vehicles;  Mobility;  Self  propelled 
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[ A desk  study  was  performed  to  determine  the  effects  of  vehicle  and  vegetation  charac- 
| teristics  (particularly  vehicle  width)  on  vehicle  performance.  The  1/2-  and  3/4-  ton, 
8x8  vehicle  concepts  and  the  1/2-ton,  4x4  M274A2  Mule  were  included  in  the  study,  and 
performance  predictions  were  made  for  ISO  wooded  vegetation  sites  located  in  a variety 
of  environments.  Vehicle  performance  was  evaluated  by  analyzing  the  predicted  perfor- 
mance data  obtained  from  the  application  of  the  WES  analytical  model  for  predicting 
country  performance.  For  this  study,  performance  predictions  were  made  in  terms  of 
speed  and  delivery  rate  as  t function  of  vegetation  stem  size  and  spacing  and  vehicle 
characteristics  only.  The  result*  -f  the  study  revealed  that  the  M274A2,  with  the 
narrowest  width,  lowest  power,  .uH  smallest  payload,  had  the  least  number  of  Immobili- 
zations and  the  lowest  average  i'  ;ed  and  delivery  rate;  the  1/2-ton  vehicle  concept 
with  an  intermediate  width,  power,  and  payload,  ranked  second  in  the  number  of  immobil- 
izations, had  the  highest  average  speed,  and  ranked  second  in  delivery  rate;  and  the 
3/4-ton  vehicle  concept,  with  the  greatest  width,  power,  and  payload,  had  the  highest 
number  of  immobilizations  and  the  highest  average  delivery  rate.  It  was  a.1  so  concluded 
that  the  poorer  performance  of  the  3/4-ton  vehicle  concept  as  compared  to  the  1/2-ton 
vehicle  concept  may  be  offset  by  incorporating  the  General  Electric  Co.  hydromechanical 
power  train  described  herein. 
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IS.  ABSTRACT 

As  undersea  techr.  logy  is  quickening  its  pace,  the  need  for  ocean-bottom  vehicles  is 
becoming  increasingly  obvious  for  many  anticipated  underwater  activities,  such  as  in- 
spection of  cables  and  pipelines,  scientific  exploration,  end  commercial  exploitation 
(mining  and  farming)  of  and  construction  on  the  seafloor.  Submersibles  designed  for  a 
three-dimensional  environment  are  inadequate  for  operation  on  or  near  the  essentially 
two-dimensional  seafloor.  In  contrast  to  submersibles,  ocean-botton  crawling  vehicles 
are  stable  even  while  at  rest,  because  they  are  in  direct  contact  with  the  seafloor, 
which  also  provides  the  necessary  reaction  forces  to  perform  useful  work.  Some  ocean- 
bottcra  vehicles  are  already  available,  and  more  are  under  construction;  but  a compre- 
hensive study  of  seafloor  trafficability  and  vehicle  nobility  has  not  been  made.  This 
paper  presents  the  state  of  trafficability  and  mobility  knowledge  as  applied  to  onshore 
vehicles,  and  discusses  its  applicability  to  the  seafloor  environments.  The  mechanical 
and  geom-trical  properties  of  the  ocean  bottom  are  briefly  analyzed  in  the  light  of 
trafficability  concepts.  Various  running  gears  are  cc:  pared  as  to  their  suitability 
for  the  ocean  bottom,  and  thafr  advantages  and  disadvantages  with  respect  to  slope- 
clinbing  ability,  drawbar  pull,  effect  on  turbidity,  etc.,  are  presented.  Since  off- 
road mobility  research  is  basically  e-pirical,  definite  conclusions  cannot  be  drawn 
without  adequate  support  by  laboratory  and  in  situ  testing.  This  paper  is  an  outgrowth 
of  a U.  S.  Army  Engineer  Waterways  Experiment  Station  contract  report  for  the  U.  S. 
Naval  Civl_  Engineeri-'?  Laboratory,  in  which  more  details  and  a minimum  test  procram 
to  establish  a rational  basis  tor  mobility  prediction  of  ocean  crawling  vehicles  can 
be  found. 
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Data  show  the  cone  penetration  resistance  of  fine-grained  soils  is  proportional  to 
velocity  and  Inversely  proportional  to  cone  diameter.  An  exponential  equation  based 
on  the  velocity-diameter  ratio  is  developed  to  describe  the  interrelation.  The 
exponent  changes  only  slightly  with  soil  type. 
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The  analysis  of  linear  viscoelastic  layered  systems  under  any  axially  symmetrical, 
time-dependent  surface  traction  Is  presented.  Inertial  effects  are  disregarded,  and 
solutions  are  obtained  for  the  normal,  radial,  and  shear  stresses,  vertical  deflec- 
tion, and  radial  displacements  at  any  point  within  the  half  space  in  multilayered 
systems.  Solutions  in  layered  elastic  systems  first  are  obtained  by  using  the  Love's 
stress  function  and  the  Fourier-Henkel  transformation.  Solutions  in  viscoelastic 
cases  then  are  obtained  by  using  the  elastic-viscoelastic  correspondence  principle, 
in  which  the  Laplace  transformation  is  applied  to  replace  the  time  variable  with  a 
transformed  variable,  and  thus  change  the  viscoelastic  problem  into  an  associated 
elastic  one.  The  solution  of  the  associated  elastic  problem,  when  transformed  into 
the  real  time  variable,  will  give  the  desired  viscoelastic  solution.  Sample  numer- 
ical results  are  presented.  The  analysis  is  an  essential  step  in  the  development 
of  a rational  method  of  design  for  flexible  pavements,  since  such  pavement  systems 
respond *in  a markedly  time-dependent  fashion. 
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relations;  Viscoplasticity  method 
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Laboratory  tests  were  conducted  to  evaluate  the  accuracy  and  reliability  of  measuring  surface  in  situ  soil 
water  content  and  density  by  the  backscatter  and  direct  transmission  nuclear  methods  using  a single  nuclear 
device  and  scaler.  The  nuclear  device  functioned  as  a surfarR  backscatter  moisture  and  density  meter  or  as 
a direct  transmission  density  probe.  To  determine  the  accuracy  of  the  nuclear  measurements,  it  v.  is  neces- 
sary to  know  the  actual  density  and  water  content  of  the  test  soil  Boxes  were  fabricated  to  exact  dimen- 
sions, filled  with  uniformly  compacted  soil,  and  weighed,  and  actual  average  soil  density  values  were  calcu- 
lated. Five  soil  types  were  tested  to  approximate  a full  range  of  possible  construction  ma'erials.  Each  soil 
type  was  tested  at  eight  differem  densities  and  water  contents.  To  obtain  comparative  results,  soil  densi- 
ties of  each  sample  were  determined  by  two  accepted  conventional  methods  (sand-ccne  and  water-ballocn) 
for  determining  density  in  the  field.  Test  results  indicated  that  in  situ  densities  determined  by  the  direct 
tiansmission  nuclear  method  using  the  factory  calibration  curve  furnished  with  the  device  were  as  accurate 
as  densities  obtained  bv  the  sand-cone  and  water-balloon  methods.  The  direct  transmission  nuclear  method 
usirg  a WES-developed  calibration  curve  provided  slightly  more  accurate  density  m-.-asurements  than  e'ther 
conventional  method.  Densities  determined  by  the  surface  backscatter  nuclear  method  using  both  the  fac- 
tory calibration  curve  and  a WES-developed  curve  were  not  so  accurate  as  those  obtained  by  the  conven- 
tional methods.  Water  contents  were  obtained  by  nuclear  means  and  compared  with  actual  water  contents 
determined  from  ovendned  samples.  Using  a WES-developed  calibration  curve,  water  contents  obta.ned  by 
the  nuclear  method  were  sufficiently  accurate  for  most  quality  control  fieldwork.  Water  contents  obtained 
using  the  factory  calibration  curve  were  not  accurate  enough  for  field  use.  A test  procedure  for  deterrv.n- 
ing_surfacejayer  density  and  water  content  of  soil  by  nuclear  methods  is  presented  in  Appendix  A 
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Department  of  the  Navy 
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ACT 

Gross  surface  material  strength  conditions  were  mapped  on  a worldwide  basis  and  more  detailed  sur- 
face strength  conditions  were  mapped  <o»  South  Vietnam  to  provide  a source  of  data  for  design  and 
deployment  criteria  for  missile  and  munitions  systems.  The  top  15  cm  of  surface  material,  including 
soil,  rock,  or  snow,  was  mapped  in  terms  of  five  cone  index  (CIJ  classes:  >150;  75-150;  45-75; 

0-45,  soil;  and  0-45,  snow.  Each  areal  delineation  on  the  map  was  assigned  an  average  Cl  clrss  for 
each  of  three  four-month  periods  during  the  year  in  order  to  characterize  the  seasonal  climatic  ef- 
fects on  soil  strength.  The  world  soil  strength  map  is  portrayed  on  a Goode's  homolonne  projection 
with  an  equatorial  scale  of  1:26,500,000,  and  the  strength  map  of  South  Vietnam  is  portrayed  on  a 
Lambert  conformal  conic  projection  of  approximately  1:1,750,000.  Information  used  for  the  develop- 
ment of  the  mapping  system  was  derived  from  14  sources  of  soil  strength,  state-of-ground,  climatic, 
and  soil  morphological  data.  A pUnimetric  analysis  of  world  strength  conditions  is  presented  as 
Appendix  A. 
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One  pnevimatic  wheel,  fou-  metal-elastic  wheels,  and  two  instrumented  vehicles  were  lab- 
oratory tested  in  <-  fine  sand  to  determine  their  relative  performance  and  to  establish 
a better  understanding  of  the  basic  principles  of  the  interaction  of  very  lightly  loadedj 
wheels  with  a soil  whose  properties  were  varied  to  include  the  probable  range  of  lunar 
soil  properties.  Programmed -slip  tests  were  conducted  with  the  single  wheels  and  the 
vehicles,  the  latter  being  tested  on  both  slopes  and  level  surfaces-  Data  indicate  that 
for  loads  less  than  about  220  N (501b),  the  pull/slope-climbing  ability  was  constant  for 
a given  soil  condition.  At  greater  loads,  the  rate  of  increase  in  performance  decreased 
The  effect  of  cohesion  on  performance  was  negligible  at  loads  less  than  about  220  N 
(50  lb),  but  the  effect  could  be  seen  at  higher  loads.  The  results  of  tests  with  the 
metal-elastic  wheels  showed  that  none  could  be  relied  on  to  propel  a vehicle  up  a 35- 
deg  slope.  Modifications  of  the  Bendix  and  Grumman  wheels  enhanced  their  performance  to| 
the  point  that  they  might  be  expected  to  climb  slopes  in  excess  of  30  deg.  Tests  with 
modified  Boeing-GM  wheels  indicated  that  they  might  be  used  on  slopes  up  to  about  25 
deg  on  certain  soil  conditions.  The  power  required,  in  whr/hm,  for  operation  of  the 
wheels  on  level  and  sloping  soil  surfaces  was  determined.  It  was  demonstrated  that  data| 
from  single-wheel  tests  can  be  used  to  predict  the  slope-climbing  ability  of  a vehicle; 
such  predictions  tend  to  be  slightly  conservative.  Results  of  tests  with  the  vehicles 
indicate  that  the  torque  coefficient  at  a given  slip  was  not  significantly  affected  by 
variations  in  surface  slope  and  soil  strength. 

KEYWORDS;  Laboratory  tests;  Lunar  roving  vehicles;  Sands;  Soil-wheel 
interaction;  Wheels 
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The  validity  of  the  assumption  of  uniform  pressure  distribution  under  a pneumatic 
tire  was  checked  in  this  study.  Measurements  of  pressure  distributions  under  pneu- 
matic tires  at  their  interface  with  firm  surfaces  and  soft  soils,  previously  made  at 
the  U.  S.  Army  Engineer  Waterways  Experiment  Station,  were  used.  Two  tires  (11.00-20, 
12-PR,  and  12-22. 5,  12-PR)  tested  at  three  inflation  pressures  (104,  207,  and  414 
kN/m^)  and  under  wheel  loads  ranging  from  G670  to  20,030  N were  investigated.  Stres- 
ses and  displacements  were  computed  by  the  theory  of  elasticity  for  various  depths 
in  the  half-space  under  loading  conditions:  measured,  assumed  uniform,  assumed  para- 
bolic, and  assumed  conical  pressure  distributions.  Generally,  the  assumption  of  uni- 
form pressure  distribution  was  found  to  be  unreasonable  in  cases  of  high-inflated 
tires  on  a hard  surface  and  on  sands,  but  it  was  found  acceptable  in  the  other  inves- 
tigated cases,  including  those  for  clay  surfaces.  However,  the  assumption  of  para- 
bolic pressure  distribution  was  found  to  be  more  realistic  than  that  of  a uniform  one 
for  highr- inflated  tires  on  sands  and  for  low-inflated  tires  with  light  loed  on  loose 
sand. 


KEYWORDS:  Elastic  media:  Laboratory  teste;  Pneumatic  tires;  Pressure 

distribution;  Stresses  under  wheels 
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Washington,  D.  C. 

A reined  cf  evaluating  tie  cross-country  performance  cf  ve'-icies  using  quantitative 
descriptions  of  the  terrain  and  a mathematical  mode : th’t  relates  terrain  parameters 
tc  vehicle  performance  is  presented.  A deliver:*  index  equation  is  ir.trsiuced  that 
gives  *■  measure  of  cargo  deliver;*  over  a specified  terrain  for  a specified  mission 
considerin';  speed  made  good,  load!*.;  =r.d  unloading  time , ser. 'icing  time,  cruising 
range,  and  cargo  capacity.  The  vev : cle  performance  evaluation  procedures  are’  illus- 
trated by  applying  them  in  a comparative  analysis  of  the  i’37  ar.a  :C^<6l  cargo  trucks 
traversing  selected  terrains  in  tn.e  vicinity  of  Khon  Kaen,  Thailand.  Quantitative 
terrain  **aps  and  mobility  maps  (in  terms  of  speed  made  rood)  t^at  were  used  to  evalu- 
ate the  relative  performances  of  the  ."3 ~ and  '’.501  are  included.  Appendixes  present  a 
tentative  selection  of  "standard  terrains"  that  could  be  used  in  evaluative  relative 
performances  of'  vehicles  and  a first-generation  corputer  program  for  predicting  speed 
performance.  It  is  recommended  that  research  be  continue!  to  improve  the  reliacility 
and  scope  of  the  mathematical  model  for  predicting  vehicle  performance  and  that  areas 
of  the  vorlu  be  selected  and  mapped  as  standard  terrains  for  use  as  performance 
evaluation  bases. 


KEYWORDS:  Computerized  models;  Military  vehicles;  Mobility  models; 

Offroad  mobility;  Performance  predictions;  Terrain  factor 
maps 


DD  /rr.,1473 


RORM  % JAM  •«,  tHlCH  it 

‘ ARMY  Ull. 


Unclnssifiei 

Svcvrtty  ClatilVictUM 


343 


llacldgaififlil 

S-cnntv  CtftKMftcation  


DOCUMENT  CONTROL  DATA  -RAD 

($+tutlty  •ff/lfo,  body  *tobmtr»cf*nd  Ind+KindowftmtSon  iwtlk  *mfr*  Ivrhma  thm  ttMMfl  r*p*i  tu  cfnanlfl 

t owicina  Tmc  activity  (C>ry»i«/i  — «f>ai;  Ijarcfont  akcumity  CkAHM>ic*riOH 


U.  S.  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Kiss, 


Unclassified 


».  MCFONT  TITUC 


TESTS  WITH  AN  EXPERIMENTAL  WHEEL  ON  CLAY 


Final  report 


I.  AUTMOMIRI  (Pint 

Klaus  W.  Wiendieck 


> ml  wfwl  «4  iMMn  dm*—) 


December  1970 


mm.  com t n ac  r on  mart  mo. 


<A  TOT  AC  N J.  OF  FARM 


[M.  O R>  AIM  A TOM*  A RBFORT  MUMABM^M 


crrwictno.  4A013001AS1D,  In-House  Laboratory  Miscellaneous  Paper  M-70-8 
Independent  Research  Program  { 


IM.  04  AT  Ml  MOTION.  ST  AT  CMEMT 


Approved  for  Public  Ralooft;  Distribution  Unlimited 


II.  AUMPCCMBMTAMT  NOTH 


IX.  AMOMAOMIMO  MICITAMV  ACTIVITY 
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An  extension  of  a previous  study  cm  sand,  this  report  summarizes  the  test  results 
obtained  on  clay  with  an  experimental  wheel  with  controlled  circumferential  rigidity. 
The  test  pregram  was  carried  out  for  the  sake  of  completeness  despite  the  fact  that 
the  underlying  principle  of  the  experimental  wheel  was  based  upon  sand  properties 
and,  therefore,  similar  wheel  performance  variations  as  a function  of  tire  rigidity 
distribution  were  not  to  be  expected  on  clay.  In  addition,  insufficient  torque 
capacity  of  the  wheel-drive  system  prevented  tho  performance  criteria  used  in  the 
sand  study  from  being  applied  in  this  study  on  clay. 

The  relation  of  pull/load  to  efficiency  was  the  only  feasible  relation  that  could 
be  used  in  this  investigation.  As  expected,  no  noticeable  change  in  tire  behavior 
could  be  observed  for  rigidity  pattern  variations.  Control  of  tire  rigidity  distri- 
bution at, the  interface  is  not  effective  in  clay.  Although  this  conclusion  is  neg- 
ative, 'it  confirms  the  earlier  findings  on  the  improvement  of  performance  of  the 
wheel  with  controlled  circumferential  rigidity  in  sand. 
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1.  ABSTRACT 

Limited  performance  tests  were  conducted  with  the  XM759,  1-1/2-ton  Logistical  Carrier, 
Amphibious,  at  test  sites  near  Vicksburg,  Miss.,  and  in  Virginia  in  1967,  1968,  and 
1970.  The  purpose  of  the  tests  was  to  provide  personnel  responsible  for  the  overall 
development  program  with  some,  urgently  needed  information  on  certain  aspects  of  the 
vehicle's  performance  such  as  steering  capabilities  in  water,  effects  of  slippery  sur- 
faces on  slope-climbing  capabilities  of  smooth  (treadless)  tires  and  bar-  and  chevron- 
tread  tires,  effects  of  tread  design  on  performance  in  marshland,  effects  of  soil  and 
vegetation  buildup,  and  other  performance  capabilities  of  lesser  significance.  Most  of 
the  findings  of  these  tests  have  been  incorporated  in  the  development  program;  this 
report  serves  to  document  the  data  upon  which  the  development  decisions  were  made. 
Generally,  the  findings  were  as  follows.  Bar-tread-design  tires  on  the  XM759  afforded 
the  best  a lope- climbing  anu  drawbar  pull  performances  on  wet  clay  surfaces.  Perform- 
ance of  the  XM759  was  as  good  as  or  better  than  that  of  the  M116  tracked  cargo  carrier. 
However,  performance  of  the  XM759  with  bar-tread  tires  in  marshlands  was  poor.  Pilot 
vehicle  (PV)5  modi^e-i  with  25x24-8R  chevron  tires  and  having  a gross  weight  of 
17,480  lb  performed  as  well  in  marsh  areas  as  PV4  with  24x21-6R  smooth  tires  and  having 
a gross  weight  of  14,030  lb.  Appeniix  A presents  results  of  a laboratory  study  of  the 
effects  of  tread-plate  configuration  and  surface  conditions  on  traction. 
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Washington,  D.  C. 

■ 11.  AS'TSUT  ~1 

Tests  were  conducted  with  one  wheeled  vehicle  to  determine  effects  of  soil 
surface  conditions  on  drawbar  pull  and  to  relate  optimum  drawbar  pull  to  soil  strength] 
as  measured  by  a number  of  instruments.  One  hundred  and  six  drawbar  pull-slip  tests 
•re  conducted  with  an  M37  3/4-ton  truck  at  a gross  weight  of  7240  lb  One  tire  size 
00-16,  8-PR),  two  tread  patterns  (smooth  and  nondirectional  military),  and  two 
tire  deflections  (IS  percent  and  35  percent)  were  tested.  Surface  conditions  varied 
from  dry  and  firm  to  wetted  with  small  amounts  of  water  to  flooded.  Asphalt  surfaces 
also  were  tested.  Measurements  of  soil  strength  were  made  with  the  standard  cone 
penetrometer,  multiprobe  penetrometer,  sheargraph,  soil  truss,  and  friction  wheel. 
Analysis  of  data  Indicated  that  the  multiprobe  penetrometer  and  sheargraph  show  the 
most  promise  as  instruments  fer  measuring  surface  conditions  and  predicting  vehicle 
performance.  Equations  were  developed  for  predicting  drawbar  pull  based  on  deflectlon| 
and  soil  measurements  with  the  sheargraph  and  multiprobe  penetrometer. 


KEYWORDS:  Drawbar  pull;  Field  tests;  Mathematical  analysis;  Soil  strength  test 

instruments;  Soil-wheel  interaction;  Surface  soil  strength; 
Trafficability;  Trucks;  |M37  truck] 
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This  report  descr  bes  a method  for  rapidly  determining  the  soil  strength  at  forward- 
area  airfields.  Through  the  use  of  dimensionless  ground  mobility  parameters  developed 
by  the  U.  S.  Army  Engineer  Waterways  Experiment  Station,  soil  strength  indication:  are 
determined  by  measuring  rut  depths  created  by  traffic  of  standard  military  ground  ve- 
hicles. This  method  enables  reasonably  accurate  assessment  of  soil  strength  by  per- 
sonnel without  special  training  and  without  the  use  of  special  instruments . If  the 
soil  strength  existing  in  the  forward  areas  is  Known,  predictions  can  be  made  con- 
cerning the  ability  of  a particular  site  to  sustain  specific  aircraft  traffic.  Ini- 
tially, on  office  study  wa3  conducted  that  established  the  potential  of  such  a 
method.  Then  limited  field  verification  tests  were  conducted  with  four  standard 
military  ground  vehicles,  i.e.  a l/U-ton  M151,  a 3/4- ton  K37,  a 2-l/2-ton  M35A1,  and 
a 5-ton  M55,  operated  on  a prepared  unsurfaced  heavy  clay  subgrade  with  a strength 
of  approximately  2 CBR.  First-pass  rut  depths  were  measured  for  each  vehicle  oper- 
ated i*mpty  and  for  all  but  the  M55  with  maximum  cross-country  loading.  The  results 
of  thi3  testing  indicated  the  feasibility  of  predicting  soil  strength  based  on  onr- 
pass  rut  depth  caused  by  military  ground  vehicles.  This  method  can  be  used  to  pre- 
dict the  ability  of  a particular  forward-area  airfield  to  sustain  specific 
aircraft  traffic.  It  is  recommended  that  further  studies  include  operations  of 
aircraft  from  actual  landing  sites  on  both  clay  and  sand. 
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The  purpose  of  this  study  was  to  obtain  necessary  data  to  validate  or  modify,  if  neces- 
sary, existing  soil  strength  criteria  for  the  operation  of  high-performance  jet  fighter 
aircraft  on  unsurfaced  airfields.  Two  specially  prepared  test  sections  were  constructed 
with  four  test  items  in  each  section.  Test  section  1 consisted  of  two  lean  clay  test 
items  and  two  heavy  clay  test  items.  Test  section  2 consisted  of  four  items:  clayey 

sand,  lean  clay,  silt,  and  heavy  clay.  These  test  sections  were  trafficked  with  an 
7-nC-type  loading,  and  the  results  were  used  to  obtain  criteria  for  operation  of 
fignter- +ype  aircraft  on  unsurfaced  soils.  Skid  tests  were  also  conducted  on  these 
test  sections  to  simulate  the  effects .of  braking  on  unsurfaced  soils.  Results  of  the 
traffic  tests  indicated  that  existing  criteria  are  adequate  for  use  in  designing  unsur- 
faced airfields  for  the  rolling  loads  of  fignter  aircraft.  Analysis  of  the  skid  test 
data  indicates  that  unsurfaced  airfields  constructed  of  soils  with  strength  that  is 
primarily  dependent  on  the  angle  of  internal  friction  may  not  be  adequate  to  with- 
stand maximum  braking  loads  of  fighter  aircraft. 
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X-ray  examinations  of  fine-grained  soils  from  the  Lover  Mississippi  Valley  revealed 
numerous  geologic  features  that  are  not  visible  to  the  unaided  eye.  These  features  in- 
clude significant  fracture  patterns,  details  of  planar  bedding,  cross-laminations  and 
turbulence,  secondary  mineralisations,  root  penetrations  and  voids  left  by  roots,  the 
presence  of  disseminated  organic  matter,  and  other  details.  These  geologic  features 
affect  the  strength  properties  of  the  soils  In  which  they  occur.  Experiments  with  mul- 
tiple specimens  from  single  samples  embodying  different  features  demonstrated  that  many 
large  variations  in  strength  properties  were  not  only  directly  dependent  on  these  fea- 
tures but  were  predictable  in  a relative  sense.  Normally,  these  features  are  never 
Identified  during  routine  soils  testing  although  the  effects  of  these  features  contrib- 
ute to  erratic  test  results.  Pretest  radiographic  examination  is  a potential  means  of 
avoiding  these  problems. 
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I.  ABSTRACT  ' " ~~  ""  *“*  ^ "" 

Since  ground  water  greatly  influences  penetration  resistance  of  soil,  an  empirical 
relation  was  established  between  the  number  of  blows  applied  £.»  the  standard  pene- 
tration test  to  sand  below  ground-water  level  and  the  corresponding  number  applied 
to  air-dry  sand  at  the  same  relative  density.  Also,  since  the  number  of  blows  was 
found  to  depend  not  only  on  the  relative  density  but  also  on  the  compactibility  and 
the  grain  size  of  the  penetrated  sand,  an  empirical  relation  was  developed  between 
the  number  of  blows  and  the  relative  density,  with  compactibility  and  mean  grain, 
diameter  taken  into  account.  This  relation  was  verified  by  results  from  laboratory 
tests  conducted  with  a small  static  penetrometer. 
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Soil  penetration  tests;  Unit  weight  determination 
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The  deformation  and  flow  characteristics  of  a near-saturated  fat  clay  under  penetration] 
were  studied.  Penetrations  were  made  in  a 50.8-cm-diam  mold  with  a circular  cone,  a 
circular  plate,  and  two  rectangular  plates  at  speeds  ranging  from  0.004  to  5.6  cm/sec. 
The  strain,  strain  rate,  and  velocity  fields  in  the  soil  were  calculated  from  the  soil 
particle  movements,  determined  by  measuring  the  displacement  of  pellets  embedded  in 
the  soil  before  penetration.  Actual  soil  flow  patterns  determined  from  velocity  fields 
were  studied.  It  was  found  that  if  the  deformation  energy  of  the  soil  were  assumed 
equal  to  the  penetration  energy,  the  former  could  be  obtained  by  integration  over  the 
affected  volume  of  the  deformed  soil.  The  penetration  resistance  was  thus  computed  on 
the  basis  of  the  Von  Mises  yield  criterion  and  compared  with  the  measured  penetration 
resistance.  Computed  and  measured  penetration  resistance  values  were  markedly  differ- 
ent; this  casts  some  doubt  on  the  applicability  of  the  Von  Mises  equation  to  results 
of  tests  on  clay  under  penetration  and  on  the  computational  procedure  employed. 
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IX.  SPONSORING  MILITARY  ACTIVITY 


Two  candidate  wheels  for  the  Boeing-CM  Manned  Lunar  Rover  Vehicle,  one  fabric- 
covered  and  one  constructed  of  open-wire  mesh,  were  tested  for  mobility  performance 
in  a fine  s..ia.  Four  levels  of  sand  strength,  representing  cohesion  values  ranging 
from  zero  to  O.IS  psi,  were  used  in  the  tests.  The  coliesional  and  frictional  proper- 
ties of  the  sand  spanned  a range  that  is  believed  to  include  the  probable  range  of 
lunar  soil  properties. 

A dynamometer  system  was  used  to  conduct  progranmed-slip  tests  with  the  wheels.  The 
slip  was  varied  from  a negative  slip  of  15v  to  a positive  slip  of  100».  The  wheels 
were  tested  at  the  average  design  load  (59  lb)  and  at  75  and  125 v of  that  load,  so 
the  insluence  of  load  imbalance  and  dynamic  load  transfer  could  be  assessed.  The 
average  speed  at  0 percent  slip  was  3 ft/sec. 

The  test  results  show  that  the  covered  wheel  was  able  to  achieve  the  desired 
tractive*  performance  (pull/weight  ratio  = 0,47,  equivalent  to  climbing  a 25-deg 
slope)  in  the  two  strongest  soil  conditions,  but  not  in  the  two  weakest  ones.  The 
open  wheel  was  not  able  to  achieve  this  tractive  performance  in  any  of  the  soil 
conditions  tested.  In  the  same  soil  condition,  the  maximum  pull/weight  ratio  for 
the  open  wheel  was  consistently  less  than  that  for  the  covered  wheel. 

KEYWORDS:  Lunar  roving  vehicles;  Sands;  Soil-wheel  interaction;  Wheels; [Boeing-CM 
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Event  Dial  Pack,  a 500-ton  spherical  TNT  charge  tangent  to  ground  surface,  was  deto- 
nated on  23  July  1970  at  the  Defence  Research  Establishment,  Suffield  (DRES),  Ralston, 
Alberta,  Canada.  Project  LN309:  "Effectiveness  of  Craters  as  Barriers  to  Mobility," 

was  included  in  the  program  of  United  States  sponsored  projects  pertaining  to  the  event. 
The  objective  of  Project  LN309  was  to  determine  the  degree  to  which  a crater  and  its 
associated  ejecta  field  constitute  a physical  barrier  to  the  movement  of  military  vehi- 
cles. Four  terrain  units  in  the  crater  and  ejecta  area  were  delineated  as  significant 
to  ground  mobility  and  described  in  terms  of  soil  strength,  soil  moisture  content,  sur- 
face configuration,  ejecta  depth,  and  areal  extent.  Performance  test  data  obtained 
with  an  M37  3/4-ton  truck  and  an  M113A1  armored  personnel  carrier  were  used  to  deter- 
mine performance  degradation  in  each  terrain  unit.  Vehicle  performance  in  the  terrain 
units  identified  was  predicted  using  the  necessary  elements  of  the  Waterways  Experiment 
Station  analytical  model  for  predicting  off -road  vehicle  performance,  and  measured  and 
predicted  values  for  four  performance  parameters  (drawbar  pull,  go-no  go,  motion  re- 
sistance,  and  speed)  were  compared.  The  accuracy  of  the  predictions  was  acceptable  for 
all  performance  parameters  except  that  the  speeds  predicted  for  the  terrain  unit  (outer 
lip;  that  provided  the  least  resistance  to  motion  were  higher  than  the  measured  values. 
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This  report  summarizes  published  results  and  personal  comments  of  a number  of  re- 
searchers who  have  used  synthetic  soil  mixtures . It  also  contains  a small  amount  of 
data  collected  at  the  Waterways  Experiment  Station.  In  general,  it  can  be  said  that 
whereas  synthetic  soils  may  be  useful  in  some  limited  sense,  they  do  not  offer  the 
panacea  that  earlier  researchers  claimed  or  hoped  for.  The  engineering  properties  of 
many  synthetic  mixes  may  be  more  dependent  on  temperature  and  rate  of  loading  than 
those  of  soil-water  mixes.  It  is  concluded  that  the  usefulness  of  synthetic  soils  in 
engineering  research  is  rather  limited,  and  it  is  recommended  that  any  researcher 
thoroughly  study  the  behavioral  patterns  peculiar  to  a particular  synthetic  mix  he  may 
plan  to  use  lest  the  utility  of  the  information  produced  be  restricted  by  them. 
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This  report  explains  how  the  user  can  operate  the  cross-country  locomotion  model  in  & 
conversational  mode  using  a teletype  connected  to  a GE-L35  computer.  The  analytical 
model  permits  the  user  to  predict  the  performance  of  any  specified  conventional  ground- 
contact  vehicle  over  any  s^.ected  terrain  in  terms  of  average  3peed  in  miles  per  hour, 
average  fuel  consumption  in  gallons  per  mile,  and  delivery  rate  in  ton-miles  per  hour. 
The  computer  code,  written  in  FORTRAN  IV,  consists  of  a main  pregram  and  three  sub- 
routines. The  first  subroutine,  AREAL,  considers  terrain  characterized  by  a specific 
combination  of  slope,  soil  strength,  and  homogeneous  distributions  of  trees  and  micro- 
geometry features;  the  second  subroutine,  LINEAR , considers  elongated  depressed  fea- 
tures such  as  streams,  ditches,  etc.;  and  the  third  subroutine,  SPBOIF,  considers  sur- 
face irregularities  of  uniform  or  nonuniforn  C'ze,  shape,  and  spacing.  Use  of  the  main 
program  and  three  subroutines  is  demonstrated  by  examples.  These  examples  were  ob- 
tained by  utilizing  data  files  compiled  for  five  military  vehicles  and  terrains 
selected  from  data  files  or  input  as  requested  by  the  subroutines.  The  user  has  the 
option  to  substi  *e  new  values  for  selected  vehicle  characteristics  as  an  aid  in 
vehicle  design  s.odies. 
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The  AtC  Analytical  Model  for  Predicting  Cross-Country  Vehicle  Perforasnce  was  used 
in  this  study  to  investigate  the  effects  of  design  changes  cm  performance  of  existing 
’.••.hides.  Tv--  existing  vehicles  were  examined  in  30  different  terrain  units.  The 
two  vehicles  selected  were  the  K35A2  (modified)  6x6  2-l/2-ton  truck  and  the  MU3A1 
armored  personnel  carrier.  Arbitrary  design  changes  that  were  made  on  four  principal 


vehicle  characteristics— gross  weight,  site  of  tires  or  track,  suspension  system,  and 
power  plant — resulted  in  a total  of  18  different  vehicle  versions,  9 wheeled  and 
9 tracked.  The  30  terrain  units,  20  in  fine-grained  soils  and  10  in  coarse-grained 
sods,  represented. a fairly  wide  range  of  terrain  conditions.  The  data  and  analyses 
.."monstrated  the  ability  of  the  analytical  model  to  predict  the  effects  of  specific 
design  changes  and  showed  how  the  effects  varied  with  terrain  conditions.  Hence,  the 
study  showed  that  a knowledge  of  the  terrain  is  essential  to  the  evaluation  of  any 
d*?oign  change.  The  study  also  pointed  out  that  rarely  will  one  design  change  improve 
thi  performance  of  a vehicle  in  all  terrain  conditions  and  that  the  model  can  be 
u-  • s as  a design  tool  to  specify  the  scope  of  terrain  in  which  a vehicle  may  be  ex- 
po :ted  to  operate.  The  study  demonstrated  the  improvement  in  performance  to  be 
e>  v-cted  in  some  terrains  from  a design  change,  but  it  also  pointed  out  the  degrada- 
tion of  performance  in  other  terrain  conditions. 
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George  C.  Marshall  Space  Flight  Center 
National  Aeronautics  and  Space  Administra- 
tion, Huntsville,  Alabama 

A one-sixth  scale  model  of  the  Lunar  Roving  Vehicle  used  in  the  Apollo  15  mission  was 
built  and  instrumented  to  conduct  model  studies  of  vehicle  mobility.  The  model  was 
free  running  under  radio  control  and  was  equipped  with  a lightweight  telemetry  trans- 
mitter that  allowed  16  channels  of  data  to  be  gathered  simultai.-sously.  String  pay- 
out and  fifth-wheel  devices  were  developed  to  measure  vehicle  velocity.  Other  real- 
time measurements  included  wheel  torque,  wheel  speed,  center- of -gravity  accelerations, 
and  steering  forces.  Calibration,  operations,  and  maintenance  procedures  were 
worked  out.  Details  of  the  development  of  the  instrumentation,  its  maintenance,  some 
of  the  problems  encountered,  etc.,  are  recorded  in  this  report  to  serve  as  a 
preliminary  operations  and  maintenance  manual  for  this  specific  model.  In  addition, 
information  regarding  soil  processing  and  testing  that  may  be  useful  to  NASA 
personnel  planning  mobility  research  with  the  model  in  soil  is  furnished. 
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Maanm  4 A VI  mpcacu  m ream  i*i>.  i urn  H i 


Unclassified 

ItOMtty  GlIRintittw 


* 

\ 


357 


M 


OOCUMCHT  CONTROL  DATA  -RAD 


(U<m llr  cl—HIttil**  «/  IIIH,  wumHn 

U.  S.  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Miss. 

I.  MDONT  T«TWI 


^■iwVj^mm^A^mwmfmlf  rm^ffls  cUamJWmVj 
Ilk  PKPtiT  tCCUfHTV  CkAMRICATION 

Unclassified 
•a  oSSSSo 


EVALUATION  OF  SURFACE  SHEAR  STRENGTH  MEASUREMBTS  FOR  USB  H LABORATORY  MOBILITY 
STUDIES 


OfK«*n«l  WTII  (Try  WwuHmOiiIihIw  *—•) 

Final  report 

« EStBSWB  (rlrH  w>,  BMC  BRPC  P — »> 


Thomas  R.  Fatin 


U*Mt  OATS 

May  1972 

20 

6 

•R.  RKRfRT  NUMNUdl 

aoaaiscTM*.  lT062103A0k6,  Task  03 

Miscellaneous  Paper  M-72-5 

•a  pthcr  usoowT  wow (S«r  tinpomw* 

AD  743  167 

l».  msywrutmmm  itatmcnt 

— 

Approved  for  public  release; 

distribution  unlimited. 

tt.  agNDiCMCNTART  MOTS* 

It.  VAMNRwl  MLITARV  ACTIVITY 

U.  S.  Army  Materiel  Command 

Washington,  D.  C. 

Laboratory  tests  were  conducted  to  determine  which  method  of  obtaining  five  different 
sol 1-to- rubber  shear  measurements  vith  two  rotary-shear  devices,  a Cohron  a hear graph 
and  a spline  shear  device,  would  produce  the  most  consistent  measurements  or  quan- 
titative indexes  of  surface  soil  strength.  The  tests  were  made  at  3k. 5-,  68.9-,  and 
103. k-kl/a2  normal  pressures  on  a fat  clay  whose  surface  moisture  content  ranged  from 
26.5  to  k5.9  percent.  It  was  found  that  peak  shear  measurements  for  the  full  range  of 
soil  strengths  used  could  be  obtained  only  at  the  normal  pressure  of  3k.  5 kl/mr  be- 
cause of  excessive  sink age  of  the  shear  head  at  the  higher  normal  pressures  in  the 
softer  soils.  The  peak  shear  measurements  with  the  Cohron  • hear  graph,  with  an  in-air 
calibration,  at  a normal  pressure  of  3k. 5 kl/m2  were  the  most  consistent  and  are 
recommended  for  further  study  to  determine  toeir  validity  in  surface  condition- 
vehicle  performance  research. 


KEYWORDS:  Laboratory  testa;  Mobility;  Soil  strength  test  instruments; 

Surface  .soil  strength 


Unclassified 


crity  CUtsificatio* 


DOCUMENT  CONTROL  DATA  -RAD 

. (t 9*wity  *1  tills,  Mr  >1  MimI  M Mtaisl  — — l»Wa»  ami  M «wt»M  Ms—  M aaa>aH  — f la  a>— I 


I.  amClNATIN*  ACTIVITY  fCa»— - M*M)  !«••  MKPORT  UCUNlTV  (UMtriCAtltN 

U.  S.  Army  Engineer  Waterways  Experiment  Station  I Unclassified 
Vicksburg,  Mississippi 


a.  DmuT  vine 

NOTES  ON  PROVING  RINGS  AND  THAMES  TOR  SOIL  TESTING  EQUIPMENT 


«•  mkmtiti  Ntruny^Wia^iTaWtHMnMHJ 

Final  report 


March  1972 


•a,  CONTRACT  OR  «N AMT  M. 


aa.  oRiaiNAToRaa  rcrort  nummrmi 


a AROJCCT  NO. 


Miscellaneous  Paper  S-72-9 


•a  otaTRiouTioN  statsmcnt 


Approved  for  public  release;  distribution  unlimited. 


RTNO  MILITARY  ACTIVITY 

Office,  Chief  of  Engineers 
Washington,  D.  C. 


This  report  presents  data  on  the  design,  construction,  and  calibration  of 
various  types  of  proving  rings  and  frames  used  for  determination  and  direct  readout  of 
forces  or  loads  in  laboratory  and  field  tests  on  soils  and  other  relatively  weak  ma- 
terials . The  first  part  of  the  report  presents  equations  and  diagrams  for  determina- 
tion of  deflections  and  moments  in  thin  circular  rings,  ring  segments  with  bosses, 
elliptical  rings,  flattened  rings,  rectangular  preving  frames  with  thin  or  thick  end 
sections,  and  compound  cantilevers.  Some  of  these  equations  can  be  found  in  handbooks 
and  textbooks,  but  other  equations  are  not  readily  available  and  were  developed  by  ap- 
plying standard  methods  of  the  theory  of  elasticity  to  relatively  thin  structures.  The 
second  part  of  the  report  deals  with  the  influence  of  several  secondary  factors,  such 
as  large  deformations  which  can  cause  appreciable  curvature  of  the  calibration  dia- 
grams. Rigorous  equations  for  thick  rings  yield  data  on  corrections  for  relatively 
thick  devices.  Empirical  data  on  fillets  and  stress  concentrations  are  presented,  and 
the  approximate  stiffening  effect  of  fillets  is  estimated  by  ’se  of  a simplified  theory 
in  which  only  angular  deflections  caused  by  moments  are  considered.  The  influence  of 
misalignment,  creep  and  hysteresis,  and  temperature  variations  is  discussed  briefly. 

The  last  two  parts  of  the  report  present  examples  of  single  and  compound  proving  rings 
and  frames  proposed  for  use  or  actually  used  in  testing  equipment.  General  design  pro- 
cedures using  the  basic  equations  are  proposed,  and  data  are  presented  on  suitable  ma- 
terials, including  recent  alloy  steels  capable  of  age  or  precipitation  hardening,  tfhich 
eliminates  the  distortion  often  caused  by  heat  treatment  and  quenching  of  other  steels. 
The  final  sections  deal  with  rough  calibration  before  hardening  and  final  ms and 
correction*  of  dimension*  if  needed,  which  are  followed  by  repetitive  loading  to 
slightly  above  the  rated  capacity  before  the  final  calibration  in  order  to  decrease  the 
effects,  of  hysteresis  and  creeo  and  the  possibility  of  sero  shifts. 
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This  paper  presents  techniques  for  analyzing  relative  surfacing  requirements  for 
container-handling  equipment.  Its  primary  object  is  to  emphasize  the  i importance  of 
evaluating  the  effects  of  vehicle  characteristics  on  surfacing  requirements  prior  to 
procurement  of  specific  vehicles.  At  the  present,  cross-country  mobility  and  the  ef- 
fect that  vehicles  have  on  bridges  are  the  only  military  engineering  considerations 
that  have  had  a major  influence  on  equipment  design  and  selection.  Container-handling 
equipment  is  broken  down  into  five  major  categories:  forklifts,  straddle  carriers, 

yard  gantries,  mobile  cranes,  and  tractor-trailers.  Ex angles  of  each  of  these  cate- 
gories plus  the  LARC  LX  amphibian  were  evaluated  for  operation  on  four  different  sur- 
faces. The  Waterways  Experiment  Station  VCI  system  was  employed  to  determine  their 
ability  to  operate  on  beaches  and  soils  of  limited  strength.  The  criteria  for  opera- 
tion of  aircraft  on  unsurfaced  areas  were  used  for  medium-  and  high-strength  soils, 
and  criteria  for  the  design  of  military  roads  and  airfields  were  employed  in  the  anal- 
ysis for  M8A1  landing  mat  and  flexible  pavement.  Results  of  the  study  indicate  that 
exceptionally  large  amounts  of  engineering  support  will  be  required  for  some  types  of 
equipment  such  as  the  large  mobile  cranes.  None  of  the  equipment  was  particularly 
suited  to  beach  operation  although  it  would  be  possible  for  some  items  to  operate  with 
limited  payloads  on  dense  sands.  The  M8A1  light -duty  landing  mat  was  found  to  be 
satisfactory  only  for  two  types  of  equipment  and  for  periods  of  limited  duration.  The 
study  also  pointed  out  the  need  for  a better  understanding  of  traffic  patterns  within 
container  storage  areas  and  the  statistical  distribution  of  gross  container  weights. 
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methods  developed  at  the  U.  S.  Array  Engineer  Waterways  Experiment  Station  for  predict- 
ing daily  soil  moisture  contents  and  strengths  (in  terms  of  cone  index  find  rating  cone 
index)  of  soil  layers  at  depths  of  0-15  and  15-30  era.  Information  required  by  the 
model  includes  soil  moisture  accretion  and  depletion  relations,  field  maximum  and  mini 
mum  soil  moisture  contents,  moisture  content  at  start  of  prediction,  soil  dry  density, 
soil  moisture-strength  relation,  daily  rainfall  amounts,  and  minimum  rainfall  amount 
required  for  accretion.  This  information  can  be  obtained  from  one  or  more  of  three 
sources:  (a)  directly  from  measurements  at  a specific  location;  (t>)  indirectly  fron 

estimated  or  averaged  data  derived  from  field  measurements,  literature,  or  empirical 
equations  built  into  the  model;  or  (c)  indirectly  from  a surface  composition  group 
classification  that  closely  follows  the  Unified  Soil  Classification  System . ,r-  . com- 

puter program  for  the  model  is  written  in  Fortran  IV  conversational  mode  for  use  on  a 
teletype  connected  to  a Honeywell-GE  (General  Electric)  Mo  computer.  Output  data  ere 
stored'  in  permanent  files  for  use  by  other  performance  prediction  oodels,  for  printing, 
or  for  input  to  plotting  programs.  The  main  text  of  the  report  includes  a discussion 
of  the  structure,  operation,  use,  limitations,  and  mathematics  of  the  model.  Appendixes! 
A-G  include  detailed  flow  charts  and  listings  of  the  computer  program;  listings,  organi-| 
zation,  and  format  of  input  data;  examples  of  prediction  runs  and  graphic  displays  of 
results;  and  procedures  for  converting  output  data  to  terms  required  by  the  airfield 
construction  effort  model. 
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A technique  based  on  the  U.  S.  Any  Engineer  Waterways  Experiment  Station  mobility 
prediction  system  was  developed  for  predicting  power  requirements  as  e.  fraction  of 
system  output  (pull  coefficient)  for  a given  wheel  equipped  with  a pneumatic  tire 
operating  on  clay  and  in  a range  >om  towed  to  20  percent  slip.  In  addition, 
separate  relations  of  system  output  and  system  input  (torque  coefficient)  as  func- 
tions of  slip  can  be  predicted.  Comparisons  with  data  from  vehicle  field  tests  show 
fair  to  good  agreement  between  measured  and  predicted  performance  parameters. 
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This  report  describes  a method  for  application  of  the  WES  VCl/RCI  criteria  to 
helicopters  and  related  ground  support  equipment.  Through  the  use  of  ground 
mobility  submodels  developed  by  WES  and  the  soil  strength  requirements  determined 
for  one  helicopter  (CH-47A),  comparative  performance  capabilities  are  determined 
on  the  basis  of  wheel  sizes  and  loads  and  sinkage  into  the  ground.  Estimates  are 
made  of  the  performance  requirements  of  the  AH-5&  helicopter,  and  the  application 
of  drawbar-pull  capabilities  of  selected  ground  vehicles  to  towing  the  AH-56A  are 
presented. 
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Event  Mixed  Company  III,  a 500- ton  TNT  surface  charge,  was  detonated  on  13  Novem- 
ber 1972  at  Grand  Junction,  Colorado,  near  Glade  Park.  Project  LN305,  "Effectiveness 
of  Craters  as  Barriers  to  Mobility,"  was  included  in  the  program  of  projects  sponsored 
by  the  United  States  pertaining  to  the  event.  The  objective  of  Project  LN305  was  to 
determine:  (a)  the  degree  to  which  a crater  and  its  associated  ejecta  field  consti- 

tute a physical  barrier  to  the  movement  of  military  vehicles,  and  (b)  if  the  crater 
was  impassable,  the  amount  of  engineering  effort  required  t.o  construct  a passable 
route  for  the  vehicles  under  consideration,  five  terrain  units  (including  the  origina 
surface)  in  the  crater  area  were  delineated  as  significant  to  ground  mobility  and  were 
described  in  terms  of  soil  strength,  soil  moisture  content,  surface  configuration,  and 
ejecta  depth.  Go-no  go  mobility  tests  were  conducted  with  two  tracked  vehicles  (an 
M113A1  armored  personnel  carrier  and  an  M60A1  tank)  and  one  wheeled  vehicle  (an  M56l 
l-l/k~ton  cargo  carrier).  The  vehicles  were  operated  easily  in  all  the  terrain  units 
except  terrain  unit  k,  the  crater  wall.  The  crater  wall  of  test  lane  B was  impassable 
for  all  the  vehicles  until  the  steep  slope  (66  percent)  was  graded  to  a k7  percent 
slope.  The  grading  required  12  minutes  with  a TD  20  bulldozer.  All  vehicles  ex- 
perienced approximately  the  same  degree  of  difficulty  negotiating  the  crater  walls 
(terrain  unit  k). 

KEYWORDS:  Crater  ejecta;  Craters;  Engineering  effort;  Explosion 
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Project  DIAMOND  ORE  Phase  IIA  consisted  of  the  detonation  of  three  10-ton  charges  of 
aluminized  ammonium  nitrate  slurry  at  different  depths  of  burst  (DOB)  and  stemming 
conditions  near  Fort  Peck,  Montana,  in  October  1972.  The  purpooe  of  the  investigation 
described  herein  was  to  determine  the  effectiveness  of  the  three  craters  as  barriers 
to  the  performance  of  an  M48A2  tank.  The  unstemmed  charge  at  optimum  DOB  that  formed 
crater  1IA-1  created  a marginal  condition  of  "go-no  go"  lor  the  tsnk.  The  stemmed 
charge  at  optimum  DOB  that  formed  crater  IIA-2  and  the  stemmed  charge  at  approximately 
one-half  optimum  DOB  that  formed  crater  ILA-3  created  definite  barriers  to  the  tank. 
There  were  indications  that  a more  effective  barrier  for  the  tank  was  produced  by  the 
steamed  charge  at  approximately  one-half  optimum  DOB  than  by  the  stemmed  charge  at 
optimum  DOB.  The  time  required  for  a D-9  tractor  to  make  crater  IIA-3  passable  for 
the  M48A2  tank  was  1 hour. 
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11  abstract 


A s+udy  was  made  to  determine  the  feasibility  of  using  an  airborne  laser  profilometer 
system  to  rapidly  appraise  selected  unprepared  landing  sites.  Evaluation  of  terrain 
roughness  was  made  in  terms  of  microrelief,  slope,  and  obstructions.  Laser  profilom- 
eter -lata  were  collected  at  If  test  areas  that  provided  variations  in  surface  geonetry, 
vegetation  cover,  and  other  natural  and  man-made  features.  The  inherent  characteris- 
tics of  the  laser  profilometer  system  and  the  extraneous  noise  present  in  the  laser 
profilometer  output  prevented  a direct  quantitative  comparison  of  the  laser  profi- 
lometer  output  and  reference  profiles  of  the  terrain.  To  overcome  this  difficulty, 
a procedure  was  developed  for  interpreting  the  laser  profilometer  output  to  obtain 
an  interpreted  terrain  profile  for  comparison  with  reference  profiles.  A total 
of  17  soecific  terrain  features  at  the  IP  test  areas  were  chosen  for  analysis  of  the 
capabilities  of  the  laser  profilometer  system.  Comparisons  of  the  dimensions  of  the 
features  as  measured  on  the  interpreted  terrain  profiles  and  reference  profiles  showed 
that  the  nejrht  of  terrain  features  could  be  measured  with  a probable  error  of  +4  in. 
and  a maximum  error  of  approximately  IT  in.  The  ability  of  the  laser  profilometer 
system  to  measure  terrain  slope  was  evaluated  oy  comparing  measurements  of  the  change 
in  elevation  over  a 3f8-ft  interval  as  obtained  on  laser  profilometer  outputs  and 
photo-gramme  trie  reference  profiles.  The  laser  profilometer  system  did  not  accurately 
measure  terrain  slope  in  direction  (*  or  -'  or  magnitude. 
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A study  was  conducted  to  assess  the  probable  off-road  performance  of  a munitions 
transfer  truck  (MTT)  using  the  U.  S.  Army  Materiel  Command  Ground  Mobility  Model 
(AMC-71),  which  is  designed  to  predict  mobility  performance  of  vehicles  operating 
on  off-road  terrain.  Performance  of  the  MTT  was  assessed  under  three  loading  con- 
ditions on  one  off-road  transect  each  in  West  Germany,  Thailand,  and  Arizona.  Re- 
sults show  that  for  the  three  transects,  the  MTT  would  be  unable  to  negotiate  from 
2.4  to  21.5  percent  of  the  traverse  distances,  depending  on  vehicle  load  and  season 
of  the  year.  These  no-go's  would  be  caused  by  traction  available  from  the  terrain 
being  less  than  the  vehicle  required.  The  results  also  show  that  the  3peed  of  the 
KTT  would  be  limited  to  2-5  mph  over  most  of  the  terrain  on  the  three  transects. 
Vehicle  speed  would  be  controlled  chiefly  by  ride  dynamics  and  acceleration  arid 
deceleration  between  obstacles. 
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performance 
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The  study  reported  herein  was  undertaken  to  evaluate  the  impact  of  military  trans- 
portation activities  upon  related  environmental  attributes.  The  military  activities 
were  related  to  their  impact  c : these  attributes  by  means  of  a matrix.  This  matrix 
used  a scale  to  identify  the  magnitude  and  probability  of  the  impact.  Additionally, 
known  mitigation  and  abatement  practices  that  can  be  used  to  1r.1riAi.1ize  adverse  environ- 
mental impacts  were  identified  and  briefly  described.  The  orincipal  concluoion  was 
that  this  technique  provided  a first  approximation  for  assessing  the  effect  of  military 
transportation  on  the  environment.  It  is  recommended  that  funding  be  provided  to: 

(a)  exploit  existing  da4- •.  to  generate  quantitative  relations  to  be  used  in  developing 
environmental  impact  statements  and  (b)  finance  researen  in  those  areas  for  which  the 
need  to  quantify  exists  and  the  lack  of  data  has  been  acknowledged. 
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Two  single  aircraft  tires  (20-20,  22-FR  and  49-17,  26-FR)  and  three  standard 
military  trucks  (M715,  1-1/4-ton;  M35A2,  2-1/2-ton;  and  M51,  5-ton)  were  tested  under 
towed  (nonpowered,  ncnbraked)  and  self-powered  conditions,  respectively,  in  buckshot 
clay  test  bods  whore  strengths  ranged  from  about  110  to  600  cone  index.  Tests  in- 
cluded multiple  par-es  over  the  prepared  test  beds  (usually  ICO  passes  for  the  air- 
craft tires,  10  for  the  trucks;  at  low  speeds.  Only  single-wheel  configurations  were 
examined  (i.e.,  outer  second-  and  third-axle  wheels  of  the  M35A2  and  M51  were  re- 
moved). Curves  were  developed  to  alien/  soil  strength  (airfield  index)  to  be  estimated 
directly  from  the  rut  produced  uy  single  or  multiple  passes  of  any  of  the  three 
trucks.  These  curves  were  developed  through  use  of  a I'imensionless  prediction  term 
(tire-clay  numeric  Nc)  that  allows  pneumatic  tire  performance  to  be  seeled  over  a 
wide  range  of  soil  strengths,  wheel  loads,  and  tire  size,  shape,  and  deflection  con- 
ditions. The  same  numeric  was  shown  to  be  capable  of  describing  multipass  rut  depth 
and  towed  coefficients  for  the  aircraft  tires,  as  well  as  multipass  rut  depth  for  the 
trucks.  Examples  illustrate  how  airfield  index  (AI)  estimated  from  truck  rut  depth 
can  easily  be  used  with  curves  that  describe  the  Nc  versus  rut  depth  and  towed 
force  coefficient  relations  for  aircraft  tires  to  predict  multipass  aircraft  tire 
performance.  Appendix  A shows  that  values  of  AI  estimated  from  truck  rut  depth  can 
be  converted  to  California  Bearing  Ratio  values  and  used  as  input  for  3 nomograph 
description  of  aircraft  operation  on  unsurfaced  soils. 
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Project  Manager 
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Two  study  areas  (FK1  and  FK2),  totaling  approximately  11  sq  miles  were  selected  at  Fort 
Knox,  Kentucky,  for  comparison  with  a previously  mapped  60-sq-mi  sample  of  terrain  in 
West  Germany  (WGT)  and  a3  potential  areas  tor  field  tests  with  the  prototype  Armored 
Reconnaissance  Scout  Vehicles  (ARSV's)  and  comparison  vehicles.  Areal  and  linear 
terrain  data  from  119  sites,  aerial  photographs,  and  other  pertinent  information  were 
used  to  prepare  the  Fort  Knox  terrain  factor  complex  maps.  These  areal  maps  describe 
the  terrain  characteristics  that  affect  vehicle  performance,  i.e.  soil  type,  soil 
strength,  topographic  slope,  obstacles,  vegetation,  surface  roughness,  and  visibility. 
The  linear  terrain  factor  complex  maps  describe  the  terrain  characteristics  that 
determine  "go  or  no-go"  vehicle  performance,  i.e.  linear  feature  geometry,  water  depth, 
and  water  velocity.  The  Fort  Knox  study  areas  and  the  West  German  transect  were 
compared  on  the  basis  of  general  descriptions  (land  physical  characteristics,  land  use, 
etc.),  areal  and  linear  occupanoy  and  occurrence  of  terrain  units  and  terrain  mobility 
factors,  and  parameters  (i.e.  vehicle  speed  and  performance  diagnostics)  reflecting  the 
combined  effects  of  the  terrain  upon  the  mobility  performance  of  the  M114A1E1  armored 
coaautnd  and  reconnaissance  carrier  and  the  M151A2,  1/4-ton  truck,  as  predicted  by  the 
AMC-71  mobility  model. 
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The  interim  Wheel/Track  Convertible  Test  Rig,  a uniquely  suspended  8x8  vheeled  vehicle 
that  uses  wrap-around  tracks  for  improved  performance,  was  . sted  in  a variety  of 
terrain  conditions  at  Houghton,  Michigan,  and  at  Vicksburg,  Mississippi,  and  in  soil 
bins  in  a facility  at  Vicksburg.  Tests  were  conducted  to:  evaluate  the  feasibility 

of  the  concept,  determine  if  the  track  would  stay  on,  observe  interaction  at  the 
wheel-track  interface  to  determine  any  possible  slippage,  determine  ride  and  handling 
characteristics  of  the  Wheel/Track  Test  Rig,  which  uses  powered  road  arm  suspensions, 
and  evaluate  and  compare  performance  of  the  Test  Rig  with  that  of  other  available 
vehicles  in  tests  on  trails,  cross-country  traverses,  special  terrain,  and  laboratory- 
prepared  soils.  The  Wheel/Track  Test  Rig  perfmned  well  in  * variety  of  terrain  con- 
ditions; generally  its  performance  equaled  or  exceeded  the  performance  of  both  wheeled 
and  tracked  comparison  vehicles.  Vehicle  ride  and  handling  characteristics  were  con- 
sidered better  than  those  of  the  comparison  vehiclts.  Test  rig  performance  in  soil  in 
the  wheel  mode  wa3  impressive:  a drawbar  pull/weight  coefficient  of  O.96  was  obtained 

on  a clay  soil  prepared  in  the  laboratory  to  a strength  of  66  RCI,  and  a field  experi- 
mental one-pass  vehicle  cone  index  of  11  was  obtained.  No  wheel-*  rack  slip  occurred 
during  any  of  these  teats,  including  teats  on  soft  buckshot  day  in  which  the  \ .hide 
running  gear  accumulated  1600  lb  of  mud  (on  a 6700-lb  vehicle).  Based  on  these  tests, 
the  Wheel/Track  Convertible  locomotion  system  is  practicable,  and  the  ride,  handling, 
and  performance  of  the  Wheel/Track  Teat  Rig  suggest  advanced  testing,  following  any 
future  design  modifications.  Appendix  A presents  the  plan  of  tests  followed  in  program. 
KEYWORDS:  Field  tests;  Laboratory  tests;  Military  vehicles;  Mobility;  Soil-track 
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Preliminary  tests  of  scale-model  bulldo7f»r  blades  were  conducted  to 
ascertain  the  effects  of  moldboard  coating  materials  on  draft  forces.  The  use  of 
scale  models  for  this  purpose  was  a fully  appropriate  technique.  However,  certain 
experimental  difficulties,  determined  in  retrospect,  rendered  the  results 
inconclusive. 
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The  field  test  program  reported  on  herein  was  conducted  by  the  U.  S.  Army 
Mobility  Equipment  Research  and  Development  Center  with  technical  assistance 
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Tests  were  conducted  vith  the  Armored  Reconnaissance  Scout  Vehicle  (ABSV)  candidate  wheeled  end  tracked 
vehicles  and  four  coeparlson  military  vehicle!  at  Aberdeen  Proving  Ground  (APG),  Maryland,  and  Fort  Knox. 
Kentucky.  The  AKSV  wheeled  (XM300W)  end  tracked  (XMB00T)  vehicles  and  >he  Lynx  Canadian  Armored  Coamacd 
and  Reconnaissance  Carrier,  the  M114A1E1  Armored  Coamand  and  Reconnaissance  Carrier,  and  the  MSS1  Armored 
Reconnaissance /Air borne  Assault  Vehicle  were  tested  at  three  APG  sites.  Two  areas  were  selected  at  Fort 
Knox  for  testing  with  the  two  ARSV  vehicles,  Che  MSS1,  and  the  H113A1  Armored  Personnel  Carrier.  Tests 
were  conducted  to  validate  the  AHC-71  Ground  Mobility  Model  (AMC-71)  at  the  submodel  and  model  levels 
through  submodel  tests,  terrain  unit  tests,  and  traverse  tests.  Tests  were  conducted  at  the  submodel 
level  of  AMC-71  to  develop  required  ride  and  obstacle  dynaalcs  relations  for  each  vehicle  and  to  validate 
relations  In  the  soil  submodel  of  AMC-71.  Where  necessary,  the  soil  submodel  test  results  were  used  In 
making  adjustments  to  better  predict  speed  performance  at  Che  AMC-71  model  level.  For  the  dynamics  sub- 
model, relations  developed  In  this  study  Indicate  that  the  ride  characteristics  of  the  XM800W  over  stable 
ground  roughness  end  over  rigid  obstacles  are  better  than  the  ride  characteristic),  of  the  XM800T,  and.  In 
turn,  both  vehicles  are  better  than  ar.y  of  the  comparison  vehicles.  To  improve  prediction  accuracy  for 
the  XMB00W  from  the  soli  submodel,  traction  and  notion  resistance  relations  were  adjusted  to  compensate 
for  the  effects  of  radial-ply  tires  on  vehicle  performance.  After  this  adjustment  for  Che  XM800W,  the 
present  soil  submodel  relations  for  all  the  vehicles  vsre  used  to  compute  vehicle  speeds  at  the  model 
level  tor  terrain  units  and  traverses.  Results  of  nose  terrain  unit  tests  show  the  overall  accuracy  of 
predicted  vehicle  speed  for  the  present  Is  at  an  acceptable  level.  Tests  In  forested  terrain  units,  how- 
ever, where  maneuvering  and  tree  override  control  vehicle  speed,  show  predicted  speed  was  conslSvently 
higher  than  measured  speed,  Indicating  changes  are  needed  in  these  relations  to  Improve  predicted  speed 
accuracy  of  AMC-71.  In  comparative  traverse  tests  the  prediction  accuracy  for  the  K113A1  was  the  best, 
followed  In  ranking  bv  the  XM800W,  XK900T,  end  the  NSS1. 

KEYWORDS:  Armored  vehicles;  Military  bases;  Military  vehicles; 

Mobility;  Performance  predictions;  Reconnaissance  vehicles; 

Ride  dynamics; [Aberdeen  Proving  Ground,  Maryland;  Armored 
JleggnnaissanceJScout^VehictejjFo^ 
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Data  were  collected  by  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  to 
characterize  sections  of  gravel  roads  and  courses  selected  for  testing  in  con- 
junction with  a U.  S.  Department  of  Agriculture,  Forest  Service,  tire  wear- 
road  deterioration  study.  The  primary  purpose  of  the  study  reported  herein 
was  to  describe,  in  quantitative  terms,  the  surface  and  subgrade  of  selected 
sections  of  unpaved  road  surfaces  in  Oregon  representative  of  logging  roads  in 
the  western  United  States.  Data  also  were  collected  on  one  road  and  one  test 


EOITION  OF  I NOV  45  IS  ORSOLCTC 


Unclassified 

SECURITY  CLASSIFICATION  OF  THIS  PACE  (»*m  Lair  EjMmaE) 


376 


f 

■5 

_____  I 

PAO£‘u>««  Dmtm  F.ntmr+4) • 

20.  ABSTRACT  (Continue  i1* 

course  in  i.'evadi.  Data  suuaries  are  presented  in  tables.  Table  1 lists 
read  data  associated  vit:;  trie  Vehicle  tire  ’.-ear-road  deterioration  tests, 
and  table  2 presents  additional  data  for  a lesser  number  of  selected  road 
test  sections  and  one  test  course.  The  data  include  identification  of  surface 
type  according  to  the  Forest  Service  scheme;  values  of  gravimetric  and  nuclear 
moisture  content  and  density;  volume,  depth,  and  moisture  content  of  loose 
surface  materials;  soil  strength  in  terms  of  California  Bearing  Patio  and  cone 
index;  and  material  classification  according  to  the  Unified  Soil  Classification 
System.  The  results  iniicate  that  the  road  sections  selected  for  the  tire 
wear-road,  deterioration  study  represent  a fairly  wide  range  of  surface  char- 
acteristics for  which  data  were  collected.  Observations  revealed  that  the 
maximum  safe  speed  that  could  be  attained  on  the  roads  by  the  test  vehicles 
was  controlled  primarily  by  curvature-visibility,  grade,  and  roughness,  in  that 
order.  It  is  recommended  that  road  deterioration  and  performance  criteria  be 
established,  and  that  tire  wear  and/or  road  deterioration  state-of-the-art 
studies  be  conducted,  including  the  formulation  of  first-generation  analytical 
engineering  model(s)  to  account  for  pertinent  tire  wear,  road  deterioration, 
and  vehicle-road  interactions  in  a systematic  manner.  Appendix  A presents 
results  of  tests  conducted  to  measure  the  ride  quality  of  two  vehicles  used  by 
the  Forest  Service  in  logging  operations.  Appendix  B sets  forth  the  study 
requirements  as  defined  by  the  Forest  Ser/ice. 
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20.  ABSTRACT  fC  mmlhnto  m rams*  ml  dm  If  n*<mmmnry  and  Identity  hy  hlmck  numkmc) 

I Two  test  courses  (FKDC  and  FKNC)  at  Fort  Knox,  Kentucky,  totaling  approximately 
j 37-4  miles  of  roads  and  trails  that  had  been  used  for  conducting  vehicle  tests 
with  Armored  Reconnaissance  Scout  Vehicles  (ARSV's)  and  comparable  vehicles,  ! 
were  mapped  by  techniques  developed  by  the  U.  S.  Army  Engineer  Waterways 
Experiment  Station.  The  factors  mapped  were  soil  type,  soil  strength,  topo- 
graphic slope,  obstacles,  surface  roughness,  and  visibility.  Standing 
vegetation  was  not  present  on  any  of  the  trails.  The  study  also  included 
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20.  ABSTRACT  (Continued). 

a limited  comparison  of  the.  two  test  courses  (FKDC  and  FKNc)  with  other  Fort 
Knox  terrains  (FK1,  FK2)  and  West  Germany  terrain  (WGT) . FSCL,  FK2,  and  WOT 
were  mapped  in  previous  studies  on  the  basis  of  the  single  factors  used  to 
describe  these  test  courses,  i.  e.  soil  strength,  slope,  surface  roughness, 
obstacle  sagnitudo , and  visibility.  It  was  concluded  that  the  surface 
strengths  of  FKDC  and  FKNC  are  greater  than  those  of  FKL,  FK2,  azri  WOT.  The 
slopes  in  FKDC  and  FKNC  are  similar  to  those  in  FK2  and  WGT.  The  surface 
roughness  anl  obstacle  magnitude  are  greater  in  FKBC  than  in  any  of  the 
other  areas.  The  obstacle  vertical  magnitude  factor  classes  are  greater  for 
FX1€  than  for  FKDC  or  WGT.  The  visibility  is  scw-ewhat  similar  and  quite  good 
in  all  the  areas  considered.  Based  on  the  five  factors  considered  (soil 
strength,  slope,  surface  roughness,  obstacle  vertical  magnitude,  and  viaibil- 
ity),  FKDC  is  more  similar  to  WGT  than  is  FKNC,  and  FKNC  s more  similar  to 
FK2  than  to  FKL,  FKDC,  and  WGT.  It  is  recommended  that  the  AMC-71  Mobility 
Model  be  used  to  compare  speed  performance  of  the  ARSV  vehicles  and  comparison 
vehicles  over  the  test  .course  o. 


Unclassified 


i*C U Al T V CL  ASJl FIC ATIOK  OK  THIS  PAOEfWWAH  £>»••  ('"/■«<) 


? '/'lyw+vg 


Unclassified 

SECURITY  CLASSIFICATION  OP  THIS  PAOE  (Whu  Data  Kntfd) 


REPORT  DOCUMENTATION  PAGE 


. REPORT  NUMUCR 

UNA  PH  0008 


4.  TITLE  (and  Suk (Ilia) 

PROJECT  ESSEX  I 

Phase  1,  Mobility  Experiments 


7.  authors 


\ iW.Tl 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


S.  RECIPIENT'S  CAT ALOO  NUMBER 


f.  TYPE  OF  REPORT  k PERIOD  COVERED 

Final  report  covering  period 
from  August -October  1973 


S.  PERFORMING  ORG.  RLPORT  NUMBER 

Miscellaneous  Paper  M-75-3 


4.  CONTRACT  OR  GRANT  NUMB^RfftJ 


Charles  E.  Green 


».  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

U.  S.  Army  Engineer  Waterways  Experiment  Station 
Mobility  and  Environmental  Systems  Laboratory 
P.  0.  Box  631>  Vicksburg,  Mississippi  39180 


It.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Defense  Nuclear  Agency,  Washington,  D.  C . 20305; 
and  Office, Chief  of  Engineers,  U.  S.  Army, 
Washington,  0.  C.  20314 


li.  MONITORING  AGENCY  NAME  • AODRESS|/f  dllfaranl  (ran  Controlling  OUtca) 

U.  S.  Army  Engineer  Waterways  Experiment  Station 
Explosive  Excavation  Research  Laboratory 
?.  0.  Box  631,  Vicksburg,  Mississippi  39180 


IS.  DISTRIBUTION  STATEMENT  (at  (Ma  Hapott) 


10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  * WORK  UNIT  NUMBERS 

DNA  Subtask  L19EAXSX301, 

Work  Unit  002;  and  DA  Project 
4A162118A880,  Task  04,  Work 
Unit  002 


12  REPORT  DATE 

April  1975 


IS.  NUMBER  OF  PAGES 

92 


IS.  SECURITY  CLASS,  (ot  Oil,  raport) 

Unclassified 


ISa.  OECL ASSIFICATION/ DOWNGRADING 
SCHEDULE 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (ot  thm  obtlract  antmrmd  In  Block  20,  It  dtitmtont  hxm  Rmpoet) 


It.  KEY  WORDS  (Contlnum  on  tmrmrmm  oldo  It  nmcmmmoty  and  Identity  by  block  number) 


Crater  ejecta 
Craters 

Explosion  effects 
Military  bases 


Military  vehicles  Terrain 

Mobility  [ESSEX  I (Program)] 

Obstacles  [Fort  Polk,  La.] 

Performance  predictions 


j 1 20  ABSTRACT  (Contlnum  on  eororao  ml  do  It  nmcaaaacy  and  Identity  by  block  nunbmr) 

Project  ESSEX  I,  Phase  1,  consisted  f the  detonation  of  three  11 ,249-kilogram 
(12.4-ion)  charges  and  one  8,981 -kilogram  (9-9-t°n)  charge  of  gelled  nitro- 
i.iethane  at  different  depths  of  burial  and  stemming  conditions  at  the  Peason 
Ridge  Artillery  Range  of  Fort  Pc lk,  Louisiana,  at  intermittent  periods  from 
23  August  to  31  October  1973.  Mobility  experiments  were  conducted  to  deter- 
mine the  degree  to  which  the  craters  and  their  associated  ejecta  fields  con- 
stitute a physical  barrier  to  the  movement  of  military  vehicles.  Four  terrain 
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20.  ABSTRACT  (Continued) 

units  in  each  crater  and  ejecta  area  were  delineated  as  significant  to  ground 
mobility  and  described  in  terms  of  soil  strength , soil  moisture  content,  sur- 
face configuration,  ejecta  depth,  and  areal  extent.  The  test  vehicles  (i.e. 
the  M60  tank,  the  M113A1  armored  personnel  carrier,  and  the  M715  cargo  truck) 
could  operate  with  ease  in  all  the  terrains  except  the  crater  wails  (Terrain 
Unit  1»)  and  the  crater  floors  (Terrain  Unit  5) ■ The  crater  walls  were  impass- 
able for  all  the  test  vehicles  because  of  steep  slopes,  and  the  crater  floors 
of  all  the  craters  were  impassable  for  the  M60  and  M715  because  of  soft  soil 
condicions.  The  M113A1  could  operate  on  the  crater  floors  of  all  the  craters 
except  the  12-MS.  The  engineering  effort  (time  required  by  a D8  bulldozer) 
to  make  the  craters  passable  for  the  test  vehicles  was  2.33  hours  on  the 
12-MS  crater,  3 hours  on  the  12-MPS  crater,  2.17  hours  on  the  6-MS  crater,  and 
3 hours  (estimated)  on  the  6-MU  crater.  Degradation  of  vehicle  performance  in 
terms  of  drawbar-pull  coefficient  and  speed  increased  for  all  three  test 
vehicles  in  each  terrain  unit  from  the  original  surface  to  GZ.  On  the  basis 
of  degraded  area  per  charge  yield,  the  6-MU  crater  was  the  most  effective  for 
all  three  test  vehicles.  The  12-MPS  crater  was  the  least  effective  for  the 
M113A1,  and  the  12-.MS  crater  was  the  least  effective  for  the  m6()  and  M715. 
Vehicle  performance  in  the  terrain  units  was  predicted  using  the  U.  S.  Army 
Materiel  Command  Ground  Mobility  Model  (AMC-71)  for  predicting  off -road  vehi- 
cle performance,  and  measurel  and  predicted  values  for  four  performance  param- 
eters (drawbar  pull,  go-no  go,  motion  resistance,  and  speed)  were  compared. 

The  accuracy  of  the  predictions  was  acceptable  for  all  performance  parameters 
except  vehicle  speed  in  the  cratered  areas. 
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20  ABSTRACT  (Continue  on  r*v*r««  aid*  If  ncc*»i«tT  *>d  Itfmnilfy  by  block  nut hor) 

Ride  and  shock  tests  were  conducted  with  an  H60A1  and  an  M60A1E3  tank  on 
selected  rough  terrain  courses  in  the  Carpenter  Test  Area  at  Fort  Knox,  Ky., 
to  compare  their  ride  quality  and  determine  the  relative  improvements  ir,  ride 
<it  any)  offered  b>  the  hybrid  tube-over-bar  suspension  configuration  on  the 
i‘il»0AlE3  tank.  The  data  were  to  provide  better-quality  terrain-limiting  speeds 
for  input  to  the  DYNTACS  computer  model  for  combat  effectiveness  sCudies. 
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20.  ABSTRACT  (Continued) 

Dynamics  data  in  the  font  of  linear  and  angular  acceleration  and  absorbed  power 
were  obtained  for  both  tanks  at  the  driver's  and  the  tank  cctuander's  positions 
with  the  main  gun  m the  forward-free  and  the  aft-locked  positions.  The  tests 
were  conducted  in  inclement  weather  on  wet,  muddy  courses,  which  limited  the 
maximum  attainable  speeds  to  about  15  mph.  As  a result,  ride-limiting  speeds 
were  rarely  attained.  The  data  were  extrapolated  as  necessary  to  develop  the 
terrain-limiting  speed  relations  required  for  computer  combat  effectiveness 
studies.  However,  because  the  reliability  of  the  results  wav,  somewhat  question- 
able, the  basis  for  the  evaluations  focused  more  on  direct  comparisons  of  the 
various  ride  levels  that  were  reached.  Daca,  which  urs  illustrated  In  the  form 
of  tables  and  graphs,  indicate  that  there  is  no  significant  dif'erence  in  the 
ride  qualities  of  the  two  tanks,  although  the  tanks'  occupants  insisted  that 
the  M60A1E3  gave  a better  ride.  Other  conclusions  are  that  ride  quality  i3  not 
affected  by  rotating  the  main  gun  from  the  aft-locked  position  to  the  forward- 
free  position.  Also,  there  is  no  distinct  difference  between  the  vertical 
absorbed  power  at  the  driver's  seat  and  that  at  the  tank  commander's  observa- 
tion seat;  however,  the  sum  of  the  vertical,  fore-to-aft,  and  side-to-side 
absorbed  power  at  the  commander's  observation  seat  may  be  as  much  as  four,  five, 
or  mote  times  the  intensity  at  the  driver's  seat.  Relations  representing  the 
data  obtained  from  an  earlier  test  program  involving  ride  comparisons  of  a 
standard  M60A1  and  an  M60A3  (complete  tube-over-bar  st-spenp'1  ..ns)  tank  are  shown 
to  illustrate  the  significant  ride  Improvements  that  were  attained  with  the 
tank  configured  with  .the  complete  tube-over-bar  suspension.  These  data  led  to 
the  belief  that  the  complete  ti'be-over-bar  configuration  offers  a significant 
improvement  in  ride  quality,  whereas  the  hybrid  tube-over-bar  configuration 
provides  no  noticeable  advantage.  It  is  recommended  that  a comprehensive  ride 
dynamics  test  program  be  conducted  with  an  M60A1  tank,  an  H60A1E3  hybrid  tube- 
over-bar  tank,  and  an  M60A3  tank  to  determine  the  relative  merits  of  these 
three  configurations  and,  furthermore,  that  this  program  receive  the  proper  sup- 
pwt  from  the  appropriate  agencies  to  ensure  that  the  required  test  conditions 
are  met. 
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The  four  papers  herein  vere  presented  at  the  Fifth  International  Conference  of 
the  International  Society  for  Terrain-Vehicle  Systems  held  at  Detroit  and 
Houghton,  Michigan  on  2-6  June  1975  hy  personnel  of  the  Mobility  and  Environ- 
mental System  Laboratory,  'J.  S.  Army  Engineer  Waterways  Experiment  Sta- 
tion. The  papers  which  were  also  published  in  the  the  Proceedings,  Volume  XV, 

U.  S.  Army  Mobility  Evaluation  Methodology,  describe  the  current  status  of  the 
methodology  for  evaluating  the  effectiveness  of  ground  vehicles.  The  first 
paper.  The  U.  S.  Arr<y  Mobility  Model  (AMM-75).  describes  the  second  (Continued) 
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SO.  ABSTRACT  (Continued). 

generation  version  of  a comprehensive  analytical  model  for  evaluating  the  mobil- 
ity of  ground  vehicle  systems  and  the  modifications  tnat  distinguish  it  fvon  the 
first  generation  (AMC-71)  version.  The  second  paper.  Terrain  Modeling  to  Sup- 
port  Mobility  Evaluation,  describes  the  procedure  and  recent  developments  in 
terrain  raodiling  to  evaluate  ground  -nobility.  The  third  paper,  Ride  Dynamics 
Module  for  AMM-75  Ground  Mobility  Model,  describes  the  computer  module  for 
simulating  the  ride  and  shock  response  of  any  rigid-framed  vehicle  and  deter- 
mining the  relations  necessary  for  input  to  the  AMM-75  Ground  Mobility  Model  to 
assess  the  effects  of  ride-  and  shock-limiting  speeds  on  mobility.  The  fourth 
paper.  Validation  of  the  AMC-71  Mobility  Model,  describes  the  results  of  a 
comprehensive  experimental,  program  to  validate  and  evaluate  predictions  of 
vehicle  performsnee  derived  from  the  first  generation  (AMC-71)  Mobility  Model. 
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i he  purposes  of  this  study  were  to:  fa)  summarize  worldwide  beach  and  desert 

sand  conditions  and  relate  these  to  probable  perfofuance  capabilities  c£  a 
50,000-ib-capacity  container  handler  (gross  weight.  160,000  lb),  and  (b)  re- 
view methods  to  improve  the  properties  of  beach  sand  Co  vender  it  trafficable 
for  wheeied  vehicles  having  wheel  io3ds  in  excess  of  50.000  In.  A statistical 
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20.  ABSTRACT  (Continued). 

analysis  of  data  includes  variations  in  soil  strength  that  occur  in  dry-to- 
ooist  sends,  the  variations  that  occur  according  to  beach  location,  variation 
between  beach  and  desert  sands,  and  variation  between  sand  types.  Also  in- 
cluded is  a discussion  of  the  areal  distribution  of  beach  and  desert  sands  on 
a worldwide  basis,  the  factors  affecting  sand  stabilization,  and  some  of  the 
more  pertinent  stabilization  methods.  By  using  verified  vehicle  performance 
evaluation  procedures  and  methodology  that  considers  the  effects  of  tire  in- 
flation pressure,  surface  slopes,  frequency  of  occurrences,  and  sand  strength 
and  type,  the  performance  of  a wheeled  dozer,  modified  for  handling  con- 
tainers, can  be  estimated  on  an  areal  basis.  Practical  stabilization  of  beach 
sands  can  be  achieved  by  densif ication  of  the  sand,  by  the  introduction  of  ce- 
menting agents  to  increase  sand  bearing  capacity,  or  by  construction  of  tempo- 
rary roadways.  Current  design  and  evaluation  methods  employed  in  stabilizing 
natural  soils  for  road  and  airfield  construction  are  not  entirely  applicable 
for  designing  expedient  stabilized  beach  sand  sections  for  transportation 
throughways.  Appendix  A presents  a list  of  selected  references  concerning 
soil  stabilization. 
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IS.  AOfTNAC  T 


This  report  describes  the  plans  for  obtaining  field  data  on  the  engineering 
characteristics  of  the  soils,  vegetation,  and  topography  of  selected  areas  in 
Central  and  South  /.merlcn.  The  data  will  be  used  to  develop  a system  for  describing 
and  classifying  these  engineering  properties  as  they  manifest  tnemsrlves  in  the 
humid  tropics.  The  data  will  also  be  used  to  develop  a method  for  p-edicting  the 
changes  in  moisture  content  anJ  strength  of  surface  soils  that  occur  on  either  a 
daily  or  a seasonal  basis,  and  to  classify  areas  on  the  basis  of  similarity  with 
respect  to  the  engineering  properties  of  their  soils,  ’’he  report  discusses  the 
meteorological  and  soils  equipment  to  be  used;  the  selection,  layout,  and  number  of 
test  sites;  ar.J  the  test  routines  for  collecting  data  at  prediction-development  and 
satellite  sites.  Appendix  A presents  the  field  instructions  for  dai  y visits  and 
Appendix  B provides  instructions  for  computing  data. 
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U.  S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Mississippi 

This  plan  of  tests  is  part  ef  a comprehensive  study  to  develop  quantitative 
systems  for  describing  and  classifying  the  engineering  characteristics  of  soils, 
vegetation,  and  topography  of  tropical  environments,  and  for  predicting  their 
effects  on  military  operations.  This  plan  deals  v.'th  obtaining  information  in 
selected  humid-tropical  areas  in  Panama  and  Puerto  Rico.  The  report  discusses  the 
meteorological,  soils,  and  electrical  resistance  (foi  soil  moisture  determinations) 
equipmert  to  be  used;  the  srlcction,  layout  and  number  of  test  sites;  installation 
of  equipment;  and  the  test  'outines  for  collecting  data  at  prediction-development 
and  satellite  sites.  Appendix  A discusses  the  field  instructions  for  reading  the 
fiberglas  electrical  resistance  units;  Appendix  E provides  instructions  for  computing 
data;  Appendix  C discusses  procedures  for  determining  moisture  content  at  saturation 
and  at  60-ca  water  tension;  and  Appendix  D presents  instructions  for  recording  site 
descriptions. 
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tS  ABSTRACT 


This  report  describes  the  airfield  cone  penetrometer,  its  use,  and  the  application  of 
data  obtained- by  its  use.  The  report  includes  information  which  will  assist  in  solving 
specific  trafficability  problems.  Also  procedures  are  p-esented  for  using  the  airfield 
penetrometer  to' measure  soil  strength  and  for  correlating  soil  strength  with  the  number 
of  passes  that  can  be  made  by  aircraft  having  various  wheel  loads  and  tire  pressures. 
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This  report  presents  a method  of  rapidly  assessing  the  ability  of  an  area  to  support 
aircraft  operations.  The  method  involves  no  special  equipment  cr  specially  trained 
personnel,  but  is  based  on  the  interrelation  of  the  response  of  ground  surfaces  of 
various  strengths  to  vehicular  and  aircraft  traffic.  Data  that  allow  the  forecasting 
of  the  utility  of  an  area  to  support  aircraft  traffic  are  tabulated  herein.  This 
ability  is  based  on  the  rut  depth  occurring  in  a soil  after  one  pass  of  a standard 
military  vehicle. 
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density  values  for  a wide  variety  a;'  r.ateriais . decent  advances  an  the  design  of 
nuclear  equipment  and  a setter  understand  m3  of  the  nuclear  principles  involved  have 
lea  to  ir.0reasir.3ly  wid^streni  use  of  nuclear  31305  in  earth  construction  control 
work,  f.-.is  report  describes  surface-type  nuclear  equipment , proced-ras,  and  various 
test  methods  used  for  mak-.nc  shallow-depth  mo  i slur e ana  density  determinations  in 
p-aco  cn  soil  end  soii-i3.~e3ate  r.i/.tures . In  ^sneral,  a 6- an.  direct  transmission 
density  tost  us  m3  a properly  opamtir.3  nuclear  3030  and  an  up-to-cate  factor/  cali- 
sratian  curve  will  yield  test  results  sla^-.tly  better  than  those  of  conventional 
density  tests.  The  factory  moisture  calibration  curve,  however,  must  be  checked 
and  adjusted  (if  r.ccessor>  j for  each  material  tasted.  The  nuclear  test  is  simpler 
to  perform  than  conventional  tosts  and  requires  only  about  15  tain  to  obtain  both  a 
density  and  moisture  test  result. 


KEYWORDS:  Nuclear  equipment;  Nuclear  methods;  Coil  aggregates;  Soil 

density  measuring  devices;  Soil  moisture  measuring  devices; 
Unit  weight  determination;  Water  content  determination 
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11.  IPONIOKINS  Ull|-U«  ACTtvtTY 

U.  S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Mississippi 

The  studies  reported  herein  .ire  part  of  a comprehensive  effort  begun  in  1949  to 
develop  techniques  for  estimating  the  traff icability  of  soil  by  remote  means.  They 
are  devoted  specifically  to  development  of  techniques  for  analyzing  and  interpreting 
vertical  aerial  photographs  for  soil  traff icability  purposes.  To  provide  a basis  for 
thes^  studies,  airphoto  and  soil  traff  icability  data  were  collected  ir.  each  of  several 
representative  landscapes  ovet  a period  of  several  years  by  Purdue  University  and  the 
Waterways  Experiment  Station  personnel.  Traff icability  data  were  collected  at  sites 
in  33  humid  climate  states  and  2 arid  climate  states.  Book  1 (App’ication  of  Airphoto 
Pattern  Analysis  to  Soil  Traff icability  Studies,  Jun  51)  discusses  the  airphoto 
pattern  analysis  procedure  and  the  relationships  between  trafficablllty  measurements 
and  airphoto  patterns.  A description  of  regional  drainage,  topography,  local  erosion, 
natural  vcretatior.,  cultural  practices,  parent  material,  soil  profile,  and  traffica- 
bllity  and  cross  country  movement  characteristics  is  presented  for  each  of  several 
landscapes  in  Boons  2 (Glaciated  Deposited  Materials,  Jun  51),  3 (Water  Deposited 
Materials,  Dec  52),  4 (Miscellaneous  Materials,  Jun  51),  5 (Eolian  Materials,  ar  54), 
and  6 (Residual  Materials,  Jun  54).  Additional  information  on  the  traff icability 
characteristics  of  the  landscapes  is  presented  in  Supplement  1 (Sep  56)  and  Supplement 
2 (Glacial  Deposited  Materials,  Dec  57). 
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III.  I.ONSOMIN.  MILITARY  ACTIVITY 


U.  S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Mississippi 


Methods  of  predicting  soil  moisture  content  were  developed  for  three  sites  in 
the  Vicksburg  area.  Park,  Rifle  and  Mound.  Basic  data  from  which  to  develop  predic- 
tion uethods  consisted  of  a daily  record  of  soil  moisture  from  1 April  to  1 October 
1951,  for  each  site  and  concurrent  data  on  rainfall,  air  and  soil  temperature,  humid- 
ity and  wind  movement.  Development,  and  density  of  vegetation  were  checked  periodi- 
cally. Soil  studies  included  profile  descriptions  and  determination  of  texture,  bulk 
density,  moisture  content  at  wilting  point  and  field  capacity,  and  soil  moisture- 
pension  relations.  The  soil  moisture  record  consisted  of  a daily  inventory  of  soil 
moisture  content  at  8 to  10  depths  in  the  upper  42  in.  This  record  was  obtained  with 
the  Colman  soil  moisture  meter  and  fiberglas  units.  Soil  moisture  contents  were  pre- 
dicted at  the  6-  to  15-in.  depth.  The  amount  of  soil  moisture  accretion  at  this 
depth  following  rainfall  was  found  to  be  dependent  on  the  relation  between  storm  size 
aid  available  storage.  Depletion  curves  in  the  soil  moisture  record  were  very 
similar  throughout  the  entire  period.  Average  depletion  prediction  curves  ware 
developed  for  each  3-in.  layer  from  0 to  15  in.  Depletion  races,  in  general,  were 
exponential  in  form  with  rat  is  of  loss  tending  to  decrease  with  depth.  No  relation 
was  found  between  depletion  rates  and  air  and  soil  temperatures,  humidity,  wind  and 
vegetation  composition.  The  accretion  anu  depletion  methods  were  combined  to  predict 
soil  moisture  content  for  the  period  of  »._ord.  Consistent  agreements  were  obtained 
between  actual  and  predicted  values  of  soil  moisture  content. 

KEYWORDS:  Soil  moisture  prediction;  Temperate  regions;  Traf f icabil  it v;[ Vicksburg,  Miss.] 
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0.  S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Mississippi 

lift.  1 

Prediction  Method*  for  the  period  October  1951  to  April  1952,  the  "Winter" 
season,  were  developed  for  the  sane  three  sites  (Park,  Rifle,  and  Mound,  Vicksburg, 
Miss.)  as  reported  in  Progress  Report  I for  the  s ussier  season.  Basic  data  from 
which  to  develop  prediction  methods  consisted  of  a dally  record  of  soil  moisture, 
water  table  records,  and  concurrent  data  on  rainfall,  air  and  soil  temperatures, 
humidity  and  wind  movement.  Condition  of  vegetation  was  checked  periodically;  soils 
were  classified.  As  in  the  luamir  season,  soil  moisture  accretion  during  winter  was 
found  to  he  dependent  on  storm  sire  and  available  storage.  For  the  major  part  of 
the  period  depletion  rates  were  markedly  below  summer  rates.  Following  rainfalls 
that  saturated  the  soil,  one  to  two  days  were  required  to  drain  to  field  capacity; 
further  depletion  proceeded  at  a very  slow  fairly  constant  rate.  Rates  decreased 
with  depth.  High  water  tables  affected  accretion  and  helped  to  maintain  high  moisture 
contents.  The  accretion  and  depletion  methods  were  combined  to  predict  soil  moisture 
content  for  the  period  of  record.  C - jistsnt  agreements  were  obtained  between  actual 
and  predicted  values  of  soil  moisture  content.  Summer  soil  moisture  depletion  data 
in  Progress  Report  1 were  reevaluated  and  a search  of  literature  made  to  determine 
soil  moisture  depletion  rates  from  other  areas.  Results  of  six  special  studies  deal- 
ing with  instrumentation,  calibration  of  soil  moisture  units  and  interrelationships 
of  soil  moisture  to  volume  weight  and  root  concentration  are  reported. 

KEYWORDS:  Soil  moisture  predic'ion;  Temperate  regions;  Traff icability; [Vickjburg,  Miss. 
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Prediction  methods  for  the  period  October  1951  to  April  1952,  the  "Winter" 
season,  were  developed  for  the  same  three  sites  (Park,  Rifle,  and  Mound,  Vicksburg, 
Miss.)  as  reported  in  Progress  Report  I for  the  summer  season.  Basic  data  from 
which  to  develop  prediction  methods  consisted  of  a daily  record  of  soil  moisture, 
water  table  records,  and  concurrent  data  on  rainfall,  air  and  soil  temperatures, 
humidity  and  wind  movement.  Condition  of  vegetation  was  checked  periodically;  soils 
were  classified.  As  in  the  summer  season,  soil  moisture  accretion  during  winter  was 
found  to  be  dependent  on  storm  size  and  available  storage.  For  the  major  part  of 
the  period  depletion  rates  were  markedly  below  summer  rates.  Following  rainfalls 
that  saturated  the  soil,  one  to  two  days  were  required  to  drain  to  field  capacity; 
further  depletion  proceeded  at  a very  slow  fairly  constant  rate.  Rates  decreased 
with  depth.  High  water  tables  affected  accretion  and  helped  to  maintain  high  moisture 
contents.  The  accretion  and  depletion  methods  were  combined  to  predict  soil  moisture 
concent  for  the  period  of  record.  C liatent  agreements  were  obtained  between  actual 
and  predicted  values  of  soil  moisture  content.  Summer  soil  moisture  depletion  data 
in  Progress  Report  I were  reevaluated  and  a search  of  literature  made  to  determine 
soil  moisture  depletion  rates  from  other  areas.  Results  of  six  special  studies  deal-  i 
ing  with  instrumentation,  calibration  of  soil  moisture  units  and  interrelationships 
of  soil  moisture  to  volume  weight  and  root  concentration  are  reported. 

KEYWORDS:  Soil  moisture  prediction;  Temperate  regions;  Traf  f icabi  1 i ty ; [Vick  ..burg,  Miss.J 
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i*.  teoMSOaiNB  muraav  activitr 


u a«iT:i*cT  This  report  is  introduced  with  a general  description  of  the  cultural 
and  natural  features  of  the  Fort  Churchill  environment.  In  the  detailed  discussions 
of  the  natural  features,  the  area  is  described  according  to  changes  in  climate  and 
terrain  with  season.  Thr  summer  and  fall  terrain  is  classified  according  to 
drainage,  vegetation,  anu  military  characteristics.  The  winter  ar.d  spring  terrain 
is  divided  into  two  main  categories;  wooded  and  nonwooded,  because  of  difference* 
in  type  and  accumulation  of  snow.  General  considerations  of  the  Fort  Churchill 
environment  are  dealt  with  according  to  problems  in  trafficaMlity,  navigation, 
end  Bite  selection.  Illustrations , tables,  maps,  6 appendices. 
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Presented  at  treating  ot  ,,  c . _ . ,,  _ _ . 

WES  Board  of  Consultants  on  Vehicle  ®*  S;  ^nay  Engineer  Waterways  Experiment 

Mobility  Research,  New  York,  NY,  29  Oct  55  St3tlon’  Vicksburg,  Mississippi 


This  report  reviews  the  history  and  current  status  of  vehicle  mobility  research 
for  use  in  providing  background  information  in  the  planning  and  programming  of 
Corps  of  Engineers  activities  in  the  field.  Two  previous  reviews  in  mobility 
research,  the  Review  and  Evaluation  of  Research  Related  to  Traf f icabllity  of  Beaches, 
by  Horonjeff,  Seed,  Van  ill,  Wiegel  and  Trask,  published  July  1953,  and  A Practical 
Outline  of  the  Mechanics  of  Automotive  Land  Locomotion,  by  Bekker,  published  June 
1955  cover  the  field  rather  completely.  The  review  by  Horonjeff  and  his  associates 
is  concerned  largely  with  the  situation  as  they  found  it,  and  is  a thoroughly 
objective  report  with  little  interpretive  criticism.  The  outline  by  Bekker  is  a more 
personal  appraisal  of  the  situation,  presenting  problems  and  approaches  which  reflect 
both  the  author'3  long  and  thoughtful  association  with  off-road  automotive  work,  and 
his  personal  philosophy  as  to  its  proper  approach.  Both  surveys  agree  upon  the 
necessity  for  research  on  the  fundamentals  of  vehicle-soil  interaction,  and  upon  the 
use  of  relevant  knowledge  and  techniques  from  related  applied  mechanics  fields. 
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U.  S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Mississippi 


This  report  summarizes  past  accomplishments  and  current  activity  in  vehicle 
mobility  research,  with  emphasis  upon  soft  grovnd  crossing.  The  present  report 
is  prepared  specifically  for  use  by  the  Waterways  experiment  Station  (WES)  in 
establishing  its  program  of  research  on  vehicle  mobility.  Several  summaries  and 
evaluations  have  been  made  by  competent  persons  in  the  past  few  years.  Head  reviewed 
the  situation  from  the  British  viewpoint  in  1948,  WES  surveyed  the  field  for  its 
traff icability  aspects  in  1949,  and  Bekker  covered  the  entire  field  in  a series  of 
lecture  nctes  in  1952,  which  he  summarized  in  1954  and  again  ir.  ’955.  Wheeled 
vehicle  test9  were  reviewed  by  Kelly  in  1952,  tire  tests  by  Shields  in  1954,  and 
many  aspects  of  mobility,  in  relation  to  beach  trafficability,  were  covered  in  1951 
by  Seed  and  in  1953  by  Eoronjeff  et  al.  Finally,  in  1955,  Uffelmann  summarized 
recent  British  activity.  The  status  of  research  on  several  factors  is  presented 
and  evaluated  by  the  authors,  and  current  programs  are  summarized.  At  the  conclusion, 
* suggested  program  of  further  research  i*  outlined,  A reasonably  coaplet*  bibli- 
ography of  pertinent  material  is  Included. 
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U.  S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Mississippi 

This  study  is  part  of  a comprehensive  program  of  research  devoted  to  further 
knowledge  concerning  the  estimation  of  qm  ntitative  soil  trafficability  inrormation 
by  remote  means,  particularly  through  the  correlation  ana  analysis  of  aerial  photo- 
graphic patterns.  The  report  discusses  previous  investigations  in  this  field  and 
factors  that  influence  soil  trafficability.  Techniques  are  presented  for  photo 
interpretation  of  soils  and  landform  elements;  the  effects  of  season  and  scale  in 
inferring  trafficability  information  are  described.  A two-year  study  was  undertaken 
at  three  test  areas  in  Indiana  to  test  the  validity  of  the  technique*.  Photo  tonea 
and  texture  were  correlated  with  soil  moisture  end  ground  conditions. 
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I<  UIPPL.  EMENTARY  NOTES 


U SPONIORINO  MILITARY  ACTIVITY 


la  abstract  xiiis  report  discusses  environmental  elements  found  at  Fort  Greely,  Alaska 
that  are  both  stable  and  variable  vith  respect  to  seasonal  change.  The  stable 
elements  treated  are  topography,  landforms  , geology,  soils,  permafrost,  a rJ  ->und 
water.  Elements  exhibiting  narked  seasonal  variations  are  wind  action,  so.*  moistur 
end  temperature,  vegetation,  snow,  lakes  and  streams.  Some  discussion  is  made  of 
the  testing  and  training  ^ctivitfes  at  Fort  Greely.  The  environmental  factors 
found  in  the  test  area  are  evaluated  for  the  important  stable  and  seasonal  elements, 
for  elements  common  to  the  subarctic,  for  major  factors  which  make  the  test  are? 
distinctive,  for  terrain  factors  represented  in  the  test  area  and  for  the  feasi- 
bility of  cross-country  movement.  II'  istrations .tables,  maps 
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U.  S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Mlssisslp  . 

- 

Representative  surface  geometry  profiles  from  those  presented  in  the  Waterways 
Experiment  Station  Technical  Report  No.  5-625,  "Environmental  Factors  Affecting 
Ground  Mobility  in  Thailand,"  Appendix  E,  are  fitted  by  Fourier-series  curves.  Fit 
accuracy  appears  satisfactory  and  justifies  confidence  that  all  such  microrelief 
profiles  can  be  so  described  mathematically.  The  feasibility  of  using  a Fourier- 
described  terrain  in  finding  the  response  of  a vthicle  traversing  the  terrain  is 
confirmed  by  comparing  the  results  of  a digital  computer  program  when  using  an  arc 
and  straight  line  bump  description  and  when  using  a Fc-rier-series  bump  description. 
A slmolified  two-degree-of-freedom  mathematical  model  of  the  M37  truck  is  used  in 
this  comparison.  A sever.-degree-of-freedom  mathematical  model  of  the  M37  is  made 
and  a digital  computer  program  developed  to  solve  its  differential  equations  of 
motion.  A check  is  made  of  this  program  by  comparing  responses  of  the  seven-  and 
two-de-,ree-of-freedom  models  to  the  same  Fourier-defined  terrain  using  their  respec- 
tive programs. 


KEYWORDS:  Fourier  analysis;  Mathematical  models;  Microgeometry;  Mobility;  Ride  dynamic^ 
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U.  S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Mississippi 


IJAOWKACr 

A critical  survey  is  made  of  the  literature  on  the  structural  dynamics  of  soils.  Only 
the  reports  contributing  to  *he  subject  matter  are  included.;  The  references  are 
presented  in  the  following  four  disti  .ct  areas:'  (1)  laboratory  dynamic  tests  on  soils, 
(2)  field  dynamic  tests  on  soils,  (3)  design  concepts  and  methods  in  structural 
dynamics,  and  (4)  miscellaneous  items  of  information  contributing  to  the  soil  dynamics. 
rv,e  report  contains  altogether  114  entries.-  The  important  references  in  each  group 
are  discussed  briefly.- 
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Technical  information  contained  herein 
included  in  WES  Technical  Report  3-693, 

Report  2,  and  Technical  Report  3-727 

A.  AAPTAACT  ' " ~ 

The  object  of  the  investigation  was,  first,  to  find  out  if  a radar  can  b*  used 
in  a laboratory  to  provide  data  on  terrain  studies,  and,  if  so,  to  find  out  wuether 
such  a radar  can  be  made  from  conventional  simple  components  and  if  necessary,  used 
in  as  airplane.  The  investigation  was  carried  out  in  three  steps,  which  were 
(1)  Radar  Study,  (2)  Facility  Design,  and  (3)  Specimen  Design.  No  existing  radar  is 
suitable  for  use  both  in  the  laboratory  and  in  airborne  operation,  i.'owever,  existing 
radars  and  radar  components  in  the  K X-,  C-,  and  P-bands  can  be  modified  so  as  to 

be  used  iu  both  laboratory  and  air.  aIt  was  recwwfended  that  the  radar  used  in 
WESTAR  be  the  AN/TPS-21  or  its  equivalent,  with  required  modlfic  cions.  The  operating| 
variables  of  this  radar  have  been  used  to  set  the  specifications  of  the  laboratory 
structure  end  the  specimen  containers.  The  specif  leadens  and  results  in  this  report 
constitute  the  recommendations  for  the  establishment  of  the  laboratory  facility. 


, KEYWORTS:  Laboratory  tests;  Radar;  Radar  equipment;  Remote  sensing;  Soil  tests 

(Laboratory);  Systems  analysis;  Terfain  aualysis 
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la.  MU.IT.HT  ACTIVITY 

U.  S.  Army  Engineer  Wa.-.erways  Experiment 
’ Station,  Vicksburg,  Mississippi 

pr. 

Texas  Instruments  is  assisting  in  the  study  of  terrain  analysis  by  radar  in  a 
laboratory  environment.  The  design  of  the  radar  laboratory  was  established  in 
Phase  I,  System  Analysis,  of  the  project.  Thia  Phase  II  report  Includes  description 
of  Phase  I design  and  fabrication  and  Installation  of  designated  cr  iponents  of  the 
WESTAR  facility.  These  components  are  from  three  sources:  (a)  government  furnished 

equipment,  e.g.  various  subunits  cf  the  operational  radar  set  AWTPS-33;  (b)  Texas 
Instruments  fabrication  and  moos!  shops,  e.g.  the  control  console;  anil  (c)  commercial 
vendors,  e.g.  radar  antennas.  Other  than  system  control  and  read-out  elements,  the 
system  operates  in  an  open-end  archway  44  ft  long  and  100  ft  wide  at  the  base  with 
an  arch  radius  of  50  ft.  A carriage,  mounting  the  receiver-transmitters,  a control 
junction  box,  and  radar  antennas,  is  track  mounted  to  the  arch  and  is  capable  of 
traversing  a segment  of  the  arch  from  the  zenith  to  nearly  ground  level.  Terrain 
specimens  are  prepared  in  wooden  containers,  track  mounted  on  the  floor  of  the 
WESTAR  facility.  Preliminary  laboratory  testing,  calibration,  and  data  collection 
indicate  system  losses  are  negligible,  the  radar  system  is  functioning  as  designed 
and  is  expected  to  collect  determinative  terrain  information  at  ell  radar  frequencies 
provided. 


KEYWORDS:  Laboratory  tes's;  Radar;  Radar  equipment;  Remote  sensing;  Soil  tests 
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, Technical  information 

contained  herein  included  in  WES  Technical  U.  S.  Army  Engineer  Waterways  Experiment 


Report  No.  3-693,  Report  2,  and  ’echnical 
Resort  No.  3- 7 2 7 


Station,  Vicksburg,  Mississippi 


The  design  and  final  installation  requirements  of  the  radar  laboratory  were 
established  in  Phase  I and  Pha.se  II  reports,  respectively,  (Texas  Instruments,  1961 
and  1963).  This  report  completes  Phase  XII  in  the  study  of  terrain  analysis  by 
radar  in  a laboratory  environment  end,  from  the  required  interpretation,  is  Texas 
Instru-ient’s  final  analysis  and  appraisal  of  Project  WESTAR.  The  analysis  discloses 
certain  results  of  the  measurement  program,  reexamines  the  total  experimental  program 
and  supplies  the  basis  for  recommendations  of  future  radar  terrain  analysis  for 
mobility  de ten. inat ions.  Project  WESTAR  is  considered  successful  in  that  it  has 
shown  empirical  relationships  between  radar  reflectance  and  percent  moisture  content 
for  sands,  clays,  and  silts  and  that  penetration  depths  and  soil  dielectric  constants 
can  be  measured  as  a function  of  frequency  and  percent  moisture. 


KEYWORDS:  Laboratory  tests;  Radar;  Radar  equipment-  Soil  moisture  prediction;  Soil 

tests  (Laboratory);  Terrain  analysis;  Remote  sensing 
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U.  S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Mississippi 


A labor itory  gamma  ray  spectrometer  has  been  installed  at  the  Waterways  Experi- 
ment Station,  Vicksburg,  Mississippi,  and  a program  of  controlled  soil  sample  measure- 
ments has  been  initiated  to  investigate  the  possibilities  in  remotely  determining 
soil  type  and  traf f icabiiity  parameters  by  the  characteristics  of  the  natural  gamma 
ray  spectra,  Preliminary  measurements  on  the  Long  Lake  clay,  Openwood  Street  silt, 
and  Yuma  sand  have  shown  that  the  characteristic  natural  raditffelenent  contents  C3n  be 
measured  accurately  and  may  be  useful  in  identifying  the  soil  type.  Distortion  of 
the  gamma  ray  spectrum,  which  is  caused  by  scattering  and  absorption  in  the  inter- 
stitial moisture,  shows  sufficient  measurable  variation  to  offer  definite  promise  as 
a basis  for  a future  remote  moisture  measuring  technique.  Future  work  should  include 
laboratory  measurement  of  many  more  varieties  of  the  major  soil  types  to  determine 
ranges  of  values  within  types  with  varying  moisture  content.  The  laboratory  work 
should  be  supplemented  by  a carefully  designed  field  program  to  investigate  in-place 
variables  not  easily  reproducible  in  the  laboratory.  These  Include  ";riationa 
within  soil  typea,  effects  of  meterologic  variables,  vegetation  effects,  end  geometry 
modifications . 


KEYWORDS:  Gamma  ray  spectrometer;  Gamma  rays;  Laboratory  tests;  Remote  sensing,  Soil 

classification;  Soil  moisture  prediction;  Soil  tests  (Laboratory) 
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U.  S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Mississippi 


In  this  study  a large  amount  of  weather  and  trafficabillty  data  (precipitation, 
cone  Index,  remolding  index,  soil  moisture  content,  and  soil  density)  collected  from 
May  1952  to  May  1953  at  one  80  x 40  ft  site  (Crosby)  at  Lafayette,  Indiana,  were 
reduced  to  two  related  analyses.  In  the  first  of  these  the  extent  of  sampling 
variation  in  certain  of  the  measured  variables  ana  the  degree  to  which  their  variation 
cculd  be  expressed  in  terms  of  functional  relationships  with  concomitant  variables 
were  determined.  In  the  second  analysis,  various  explicit  functional  relationships 
were  determined.  In  particular,  the  study  assesses  the  reliability  of  cone  pene- 
trometer data  obtained  by  sampling  procedures , then  evolves  prediction  equations  for 
cone  index  means  in  terms  of  variables  such  as  rainfall,  soil  moisture,  and  soil 
density.  In  a special  case  it  was  found  that  roughly  10  perce..  . of  cone  index-mean 
variation  must  be  attributed  to  sampling  -ariation  and  that  over  80  percent  of  the 
ncnsampllng  variation  could  be  accounted  for  from  tbe  relations  of  cone  index  means 
with  rainfall  end  toil  moisture. 


KEYWORDS:  Meteorological  data;  Soil  density;  Soil  moisture;  Soil  property  relations; 

Soil  property  variations;  Soil  strength;  Statistical  analysis;  Trafficabillty 
data;  (Lafayette,  Indiana] 
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A study  was  made  to  determine  the  feasibility  of  developing  an  integrated  system 
for  observing,  analyzing,  and  forecasting  thf  state  of  the  ground.  The  study 
relied  chiefly  on  an  extensive  literature  review,  a worldwide  questionnaire 
survey,  and  interviews  with  personnel  of  U.  S.  civilian  and  military  agencies 
with  an  interest  in  the  subject.  It  vas  found  that  the  most  widely  useful 
indicators  of  the  state  of  the  ground  were  soil  moisture  content,  soil  temper- 
ature and  soil  strength.  It  wss  further  found  that  while  information  of  this 
type  is  being  collected  at  numerous  sites  around  the  world,  there  is  little 
evidence  of  standardization  of  instruments  or  depths  and  freqr"ncie3  of  obser- 
vations. Suitable  methods  ere  presently  available  for  developing  an  integrated 
state-of-the-ground  system,  but  improvements  ill  the  methods  are  desirable.  Three 
systems  are  suggested,  one  for  international  use,  one  for  civilian  use  in  this 
country,  end  a third  for  U.  S.  military  use  on  e worldwide  basis. 


KEYWORDS:  Environmental  analysis?  Soil  moisture;  Soil  strength;  Soil  temperature; 

State-of-the-art  studies;  State  of  the  ground;  Terr.jx  • analysis 


1 ftfl 


i 


Sccuntv  Classification 


dd  . 1473 


Unclassified 

Security  Classification 


; 

} 

1 | 

U.rlassi  1 led 

Security  Classification 

M 

DOCUMENT  CONTROL  DATA  - RAD 

fSrtuHf)  ol  till*  bo.it  *f  »b$lt*c  I *nd  lndr*n>t  *nool»llon  mull  ft*  tnltrtd  wA  *n  (hr  •v*r*fi  report  li  c t*t  tUtnl) 


J ntPOPT  TITLE 


2a  RCPOR'  JtCUmtT  C LAIJiriCAtlON 

Unclassified 

2ft  «ROU» 


I 01  IOINA1  IN  C AC  T I VII  V (C«»j*of«U  aulhorj 

U.  S.  Arny  Engineer  Division,  Ohio  River,  CE 
Ohio  River  Division  Laboratories 
Cincinnati.  Ohio 


PHOTOELASTIC  STUDIES  FOR  VEHICLE  NOBILITY  RESEARCH 

4 DESCRIPTIVE  NOTES  (Typ*  al  f apart  »nrf  IncfuiJva  rf*f**J 

Fin a 1 rrnort 

5 AUTHORS  fL«»t  nam*  Aril  amiI,  MIfill) 

Dellinger,  F.  II. 

Hubbard,  J.  H. 

Peters,  R.  L. 


t REPORT  DATE  7a  TOTAL  NO.  OF  Furl  7k  MO  OF  Fell 

August  1965  77  2 


• a CONTRACT  OR  GRANT  NO  j fa  ORIOINATON'I  KIPONT  NUMICiyS; 


A PROJECT  MO  1-V-0-21701-A-046  , 

Trafficeoility  and  Mobility  Research  

e Task  -03,  Mobility  Fundamentals  and  »*  other  report  Nors>  u v oih., ..^mii.imi t.  mipixi 

* j t e-  j • ifpohj 

.■odd  Studies 

4 WES  Contract  Report  No.:  3-118,  AD  621  221 

t«l  AVAIL  ABtLITY/L IMITATION  NOTICES  — — . - - — ” 

Approved  for  public  release;'  distribution  unlimited.- 

II.  SUPPLEMENTARY  ROTES  Conducted  for:  li.  SPONSORING  MILITARY  ACTIVITY 

U.  S.  Arny  Engineer  Waterways  Experi-  U,  S.  Army  Materiel  Command 
nent  Station,  CE,  Vicksburg,  Miss.  Washington,  D.  C.  20315 

II  abstract 

The  test  procedures  and  techniques  developed  in  the  studies  reported  herein  pro- 
vide a means  of  obtaining  photoclast ic  stress  patterns  for  moving  wheel  loads  at 
controlled  degrees  of  slip.  Sufficient  information  was  developed  to  compute  nor- 
mal and  shear  stress  distribution  on  planes  in  the  gelatin  foundation  within  one- 
fourth  inch  of  the  contact  surface  between  the  moving  wheel  load  and  gelatin,  if 
certain  approximations  are  made.  Further  study  is  indicated  to  accurately  define 
the  stress  at  a point.  Concerning  the  action  of  the  static  and  moving  wheel  loads 
on  the  gelatin  model,  it  was  found  that  there  was  an  increase  in  naxirum  shear 
stress  for  the  moving  wheel  load  at  0,  +251,  and  +501  slip  over  that  of  ^n  equiva- 
lent static  wheel  load.  This  increase  in  maximum  shear  stress  was  due  to  a re- 
distribution of  normal  stress  at  the  wheel  contact  with  the  gelatin.  Also,  the 
maximum  shear  stress  under  the  action  of  the  moving  wheel  load  was  gre  er  at 
0 slip  than  at  +2Sl  and  +501  slip. 
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This  report  is  essentially  a compilation  of  available  t.rafficability  test  data 
which  were  collected  during  testing  programs  conducted  by  or  sponsored  by  Govern- 
ment agencies.  Due  to  the  large  volume  of  pertinent  information  available,  this 
report  has  been  organized  in  six  volumes.  Volume  1 presents  the  background,  data 
sources,  summary  of  pertinent  reports,  and  procedures  used  in  preparing  data 
summaries.  The  remaining  volumes  present  data  summaries  as  follows:  Volume  II, 

Vehicle  Specifications;  Volume  III,  Soil  Data  Sheets;  Volume  TV,  Tire  Information; 
Volume  V,  Wheeled  Vehicle  Test  Data  Sheets;  and  Volume  VI,  Tracked  Vehicle  Test 
Data  Sheets. 
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IJ  ABSTBACT 

Tnis  was  the  first  major  attempt  to  correlate  terrain  surface  obstacles 
(lateral,  longitudinal,  and  vertical)  with  vehicle  performance.  Purpose  of  the 
study  was  to  develop  and/or  evaluate  (l)  measurement  systems  necessary  to  permit 
quantitative  description  of  vehicle  performance  and  the  terrain  on  which  vehicles 
are  operated  (2)  test  methodology  including  proper  experimental  design  (3)  methods 
of  analysis  leading  to  quantitative  vehicle-performance  relations  (L)  approximate 
limits  for  botn  "immobilization"  and  ’So-effe..\."  values  of  important  parameters  and 
(5)  a study  plan  which  will  include  an  analytical  framework  within  which  more 
extensive  future  studies  should  be  analyzed.  Analysis  of  test  data  revealed  the 
important  terrain-vehicle  relations  for  cross-country  mobility  and  the  proper 
methods  of  measuring  and  analyzing  important  terrain-vehicle  parameters. 


KEYWORDS:  Obstacles;  Obstacle-wheel  interaction;  Offroad  mobility;  Performance  tests 

(Vehicles);  Surface  geometry  factors;  Terrain-vehicle  interaction;  Test 
procedures;  Vehicle  performance 


DD  /.?!?.  1473 


Unclassified 

Wnnlw  ri*Milic»hon 


418 


imcja 


S com  it 


DOCUMENT  CONTROL  DATA  • RAD 

(5*curMy  (Uiitfkdion  ot  CM  la.  body  tbtlMCl  and  Inditing  annotation  mull  ba  entered  «hin  tfi*  on  tall  report  la  c taaallicd) 


I.  OHIOIMA  TIN  C AC  TIVIT  Y aotho-)  2*  Ht^OMT  ICCunitr  CLARIFICATION 

Wilson,  tlutlall,  Roimond,  F.ngincers,  Inc.  Unclassified 

Chestcrtown,  Maryland  j»  ckoup 


j r.cfoor  titlc 

a dimensionless  co..j>ul£datic:i  or  wes  data  o;i  the  performance  or  sand  u:ider 
tiki:  loads 


4 DESCRIPTIVE  rtO^ES  (Type  o I report  and  Inclualva  dstea) 

Final  renort 


s AUTHORfSJ  (Laat  name,  tint  name.  Initial) 

Nuttall , C.  J. , Jr. 


f.  REPORT  DATE  7«  TOTAL N OFPACFI  7b  MO  OF  N C FI 

December  1965  81  29 


(A  C ON  TRACT  ON  GRANT  NO.  DA"22  ~0  79  “CH  g- 2 6 2 •*  0»ICINATO»'»  RIPORT  NUUIHVIJ 

f pnojict  no.1-V-0-21701-A-046, 

Trafficabiliiy  and  Hobility  Research 

«•  Task  -03,  Mobility  Fundamentals  and  »b  othin  rcpcrt  notsi  n—  v 6. ...ifn.rf 

^ « * «M«  report) 

Model  Studies 

. WES  Contract  Report  No..  3-130,  AD  626  993 


to  AVAIL  ABIL  'TY/LIMITATION  NOTICES 

Appro-.ed  for  public  release;  distribution  unlimited. 

m.  supplementary  notcs  prepared  under  con- 

tJ  SPONSORING  MILITARY  ACTIVITY 

tract  for  U.  S.  Army  Engineer  Water- 

U.  S,  Army  Materiel  Comnand 

ways  Experiment  Station,  Vicksburg, 

Washington,  D.  C.  20315 

Miss. 

II  AOSTRACT 


A semienpiric,  dimensionless  load  coefficient  is  developed  from  extensive  WES 
field  and  laboratory  data  on  the  perfcnance  of  pneumatic  tires  in  dry  sands. 
The  coefficient  appears  to  collapse  these  divers:  data  to  a useful  degree. 

The  physical  meaning  of  the  numeric  is  discussed,  and  its  relation  to  some 
earlier  work  is  shown.  A preliminary  consolidation  of  the  data  usinp.  the 
final  form  of  the  numeric  is  presented. 
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Advanced  Research  Projects  Agency 

u asstaact  xhe  test  program  was  divided  into  four  parts,  based  on  the  conditions 
considered: 

1.  Determination  of  the  coefficient  of  friction  between  the  vehicle  wheel  or 
(track  and  a slippery  surface  overlaying  a hard  pan  of  silty  cley  and  one  of  Buckshot 
Clay,  through  measured  vehicle  tests  and  predicted  performance. 

2.  Determination  of  the  drawbar-pull  vs  slip  curve  in  a fat  Buckshot  Clay  for 
the  vehicles  tested  by  measured  vehicle  tests  and  predicted  perfc’mance. 

3.  Determination  of  the  drawbar-pull  vs  slip  curve  in  a lean  silty  cloy  for 
the  vehicles  tested  by  measured  vehicle  tests  and  predicted  performance. 

1*.  Determination  of  the  drawbar-pull  vs  slip  curves  for  an  Euclid  C-6  crawler 
.tractor  in  (a)  a dry  sand  and  (b)  » slippery  surface  condition  on  a clay  b;  means  ofj 
}■.  measured  ''enicle  test  and  predicted  performance. 

Tnesc  veniclc  tests  were  performed  with  r single  pass  through  the  undisturbed 
test  course.  The  vehicle.,  chosen  re  ore -.anted  a wide  range  of  standard  military  ve- 
nicle  characteristics  using  a minimum  number  of  vehicle  types.  The  choice  of  vehi- 
cles included  a 1/U-ton  M38A-1,  3/U-ton  H37,  2-1/2-ton  M35A1  (modified  to  single 
11.00-20  tires),  M39C  Amphibian,  M115  Personnel  Carrier,  and  a POLECAT  911*  articu 
lated  steering  vehicle. 

The  test  results  are  discussed  in  terms  of  the  accuracy  of  predicted  vehicle 

performance.  Particular  emphasis  is  given  to  causes  of  differer.ces  between  predict- 
ed ana  measured  performance  values. 
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IIS  ASST*  ACT 


This  report  presents  results  of  an  investigation  of  the  one-pass  performance  of 
self-propelled  vehicles  in  natural,  weak,  fine-grained  soils  for  the  following 
purposes:  (l)  to  develoo  (a)  a reliable  strength  index  for  fine-grained  soils 

with  which  predictions  may  be  made  of  the  performance  of  a vehicle  on  its  firtt 
pass  on  a straight,  level  c-urse,  and  (b)  e nominal  vehicle  load  index  to  be  used 
with  the  soil  strength  index  to  establish  whether  or  not  a vehicle  will  go;  and 
(2)  to  provide  mean.-  to  predict  (a)  one-pass  drawbar  pull  and  slope  performance  in 
soils  having  strengths  in  excess  of  the  minimum  required  for  one  vehicle  pass  on 
level  terrain,  (b)  the  increment  of  soil  strength  index  necessary  to  permit  a ve- 
hicle to  maneuver  freely,  and  (c)  the  probable  maximum  speed  of  a vehicle  operat- 
ing in  a terrain  situation  where  the  soil  strength  index  exceeds  the  net  vehicle 
load  index. 

First-order  answers  are  proposed  to  the  five  basic  questions  utilizing  minor 
adaptations  of  techniques  end  concepts  developed  by  WES  in  their  50-pass  traf- 
ficability  work,  and  defining  modified  "vehicle  cone  indices"  (VCIJ  and  soil 
"rating  cor.e  index  " (RCI  ) procedures  appropriate  to  the  one-pass  problem.  The 
calculations  of  drawbar  pull,  grade  performance,  soil  strength  increments  neces- 
sary to  pe.mit  free  maneuvering,  and  probable  maximum  speeds,  all  as  influenced 
by  soil  strengths. 

KEYWORDS:  Fine  grained  soils;  Mobility;  One-pass  performance;  Self  propelled 
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I)  ABSTRACT 

Test  procedures  to  be  used  for  the  evaluation  of  off-road  vehicle  mobility 
performance  are  presented.  The  development  of  a quantitative  evaluation  system 
represents  an  important  step  in  the  design  of  proper  off-road  vehicle  tests. 

The  procedures  are  presented  as  nine  Annexes,  entitled  as  follows : (l)  Drawbar 

Pull,  (2)  Torque,  (3)  Vehicle  Speed,  (It)  Vehicle  Sinkage  and  Trim,  (5)  Resistance 
to  Towing,  (6)  Fuel  Consumption,  (7)  Load  Distribution  and  Ground  Pressure, 

(8)  Determination  cf  Land  Locomotion  Soil  Values,  and  (9)  Determination  of  WES 
Soil  Parameters. 
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<>  ABSTRACT 


This  report  highlights  the  accomplishments  of  an  instrumentation  team  from  the 
Colorado  State  University  which  provided  technical  assistance  to  the  Advanced 
Research  Projects  Agency  in  Thailand.  The  major  portion  of  the  work  load  was 
connected  with  vehicle  testing.  During  the  contract  period  the  Colorado  State 
University  Thailand  Trafficahility  Instrumentation  Team  instrumented  and  assisted 
with  trafficahility  tests  of  the  following  vehicles:  Dodge  Power  Wagon,  Vickers 

Hover  Truck,  M37  3A-ton  truck,  Spryte,  XM~56l,  Rolligon,  Mll6,  and  XM571.  The 
details  of  tasks  involving  the  design  and  operation  of  instrumentation  systems 
for  research  and  development  related  to  vehicular  trafficahility  are  reported. 
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it  abstract 


This  computer  study  has  shown  that  ground  mobility  and  ride  dynamics  can  be 
accurately  computed  by  using  a digital  computer.  The  study  furcher  indicates 
that  the  accuracy  of  the  computer  analysis  is  dependent  upon  the  degree  of 
care  exercised  in  describing  the  vehicle  ano  the  hard  surface  terrain  profile 
to  the  computer.  The  most  accurate  way  to  describe  most  hard  surface  terrain 
profiles  is  with  a table  of  field  survey  data.  The  computer,  by  using  table- 
look-up  and  linear  interpolation,  can  easily  compute  vehicle  forciug  functions. 
The  study  has  shown  that  vehicle  mathematical  models  can  be  accurately  developed 
by  describing  the  motions  of  the  vehicle  by  a series  of  differential  equations. 
Actual  descriptions  of  the  vehicle  and  suspension  are  required  for  an  accurate 
conputer  solution.  The  dynamic  force-rate  tables  for  the  shocks  and  force 
deflection  tables  for  the  springs  are  important  inputs  to  the  conputer  program. 

A computer  solution  for  vehicle  ride  dynamics  can  accurately  compute  vehicle 
responses  from  careful  descriptions  of  the  hard-surface  terrain  profile  and 
vehicle  asseauly. 
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III.  WWIOKMI  MILITARY  activity 


U.:  S.  Army  Materiel  Command 


Hie  state-of-the-art  of  off-oad  vehicle  design,  especially  of  military  vehicles,  is 
surveyed  with  particular  reference  to  those  design  elements  which  especially  distin- 
guish off -road  vehicles  ^rom  related  equipment.  The  procedures  by  which  off -road 
military  vehicles  advance  from  concept  and/or  requirement  to  field  issue  are  also 
reviewed,  and  some  relations  between  apparent  technical  weaknesses  and  the  adminis- 
trative procedures  are  pointed  out.  It  la  concluded  that  to  provide  the  more  mobile 
vehicles  needed  by  the  Army  in  the  field  in  Southeast  Asia  a complete  second  family 
of  off -road  military  vehicles  is  required — an  integrated,  compatible  system  of 
vehicles  optimized  for  operations  in  Southeast  Asia  rather  than  in  Europe,  as  is  cur 
present  standard  fleet.  Organizational  changes  which  would  speed  such  an  approach 
are  suggested . 


KEYWORDS:  Military  vehicles;  Off-road  mobility;  State-of-the-art 

studies;  Vehicle  design; [Southeast  Asia] 
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A rest-  rcn  program  was  conducted  "to  determine  feasibility  of  measuring  moisture  con- 
tent of  soils  by  measuring  the  amount.  of  ultraviolet  light  transmission  through 
moisture  contained  in  a soil  analog  encased  in  a quartz -granule  wafer  emplaced  in  the 
soil."  Results  obtained  from  many  combinations  of  soil  analogs  and  system  geometry 
indicate  that  the  concept  is  operationally  impractical.  Selected  iij.  trumentation  de- 
veloped for  the  program  was  reapplied  to  pursue  investigation  of  promising  vaj iations 
of  the  mitral  concept.  One  variation  involved  critical  angle  rei'ractometry . Under 
laboratory  conditions,  refractometer-type  systems  repeatedly  yielded  signal  outputs 
directly  correlative  with  the  percent  (moisture)  saturation  of  all  soil  sampli  u pro- 
vided. This  performance  was  achieved  independent  of  soil  temperature  and  variations 
in  index  of  refraction  of  the  soil  moisture.  Field  testing  of  critical  argle  rcfrac- 
tometers  In  necessary  for  establishing  the  Performance  of,  and  specifications  for, 
uny  operational  unito.  A promising  configuration  for  field  test  unite  was  prepared. 
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Three  near-modal  test  sites  were  established  on  each  of  the  five  soil  series  (Willam- 
ette, Woodburn,  Amity,  Concord,  and  Dayton)  of  the  Willamette  Catena  in  western  Oregon. 
Field  and  laboratory  tests  on  soils  from  the  15  test  sites  were  initiated  in  the  fall 
of  1963  and  terminated  in  the  sunnier  of  1965-  The  objectives  of  the  study  were  to 
(a)  determine  whether  particular  water  table  regimes  are  associated  with  specific  soil 
types,  (b)  achieve  the  capability  for  appraising  water  table  regimes  from  soil  morpho- 
logical information,  and  (c)  gain  background  knowledge  needed  in  the  development  of 
prediction  methods  for  water  table  depths,  soil  moisture  contents,  and  soil  strengths. 
Data  obtained  daily  at  each  site  included  maximum  and  minimum  air  temperatures, 
precipitation,  groundwater  depths,  and  electrical  resister.ee  measurement  of  soil 
moisture  content  and  temperature.  Data  obtained  periodically  included  gravimetric 
soil  moirt ’re  contents,  soil  strengths,  and  the  state  of  the  ground  and  vegetation. 

Data  collect' ...  at  an  opportune  time  during  the  course  of  the  study  included  Atterberg 
limits,  grain-size  distribution-;,  specific  gravities,  organic  matter  contents,  moisture 
contents  at  sp*-:ified  Tensions,  dry  densities,  site  descriptions,  and  soil  profile 
description*'  The  data  above  have  been  condensed  in  tabular  and  graphic  form  for 
presentation  herein.  Also  included  are  brief  descriptions  of  the  geology,  topography, 
poysiography,  climate,  soils,  and  land  use  of  the  study  area.  Corrected  soil  mois- 
ture unit  readings  and  corresponding  gravimetric  soil  moisture  measurements  are 
included  in  Appendix  A.  An  analysis  of  the  data  is  to  be  presented  in  Volume  II  of 
this  report. 
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ABSTRACT 


Three  near-modal  test  sites  were  established  on  each  of  the  five  soil  series  (Wil- 
lamette, Woodburn,  Amity,  Concord,  and  Dayton)  of  the  Willamette  drainage  sequence 
western  Oregon.  Field  and  laboratory  tests  on  soils  from  the  15  test  sites  were 
initiated  in  the  fall  of  1963  and  terminated  in  the  summer  of  1965*  The  objective 
of  the  study  were  to  (a)  determine  whether  particular  water  table  regimes  are  ass', 
ated  with  specific  soil  types,  (b)  achieve  the  capability  fol  appraising  water  tab 
legimes  from  soil  morphological  information,  and  (c)  gain  background  knowledge  no' 
i . the  development  of  prediction  methods  for  water  table  depths,  soil  mo4.-.„ure  ecu 
'ents,  and  soil  strengths.  Data  obtained  daily  at  each  site  included  maximum  and 
minimum  air  temperatures,  precipitation,  groundwater  depths,  and  electrical  resi.?i 
measurements  of  soil  water  content  and  temperature.  Data  obtained  periodically  m 
eluded  gravimetric  soil  water  contents,  soil  strengths,  and  the  state  of  the  groun 
and  vegetation.  Data  collected  at  opportune  times  during  the  couise  of  the  study 
eluded  Atterberg  limits,  grain-size  distributions,  specific  gravities,  organic  mat 
contents,  water  contents  at  specified  tensions,  dry  densities,  site  descriptions, 
soil  profile  descriptions.  These  data  have  been  presented  in  Volume  I of  the  repo 
The  analysis  of  the  data  is  presented  herein.  Included  is  a frequency  analysis  of 
occurrence  of  certain  water  table  conditions.  The  frequency  and  duration  of  cere- 
water  table  conditions  are  related  to  morphological  soil  profile  characteristics. 
io  shown  how  water  table  regimes  may  be  inferred  from  morphological  i.-.ior-iatlon.- 
KEYWORDS:  Soil  analysis;  Traf f icability;  Water  table  'i.u-edi:  ticn; 

Water  tables; [Oregon] 
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This  report  is  based  on  studies  of  11  sites  in  the  Big  Bend  area  of  northwest  Florida 
and  four  sites  in  the  Florida  Keys.  For  each  site,  parallel  profiles  perpendicular  to 
the  shoreline  and  spaced  at  5-  to  10-meter  intervals  were  constructed,  and  for  most 
sites  radial  profiles  .'t  15  intervals  were  also  prepared.  Investigations  were  made  of 
surface  geometry,  soils  traf f icability,  aud  vegetation  in  connection  with  the  beach 
sites,  using  the  pre-existing  WES  sampling  techniques  and  descriptive  systems.-  Contour 
maps,  showing  location  of  the  profiles,  vegetation,  and  locations  where  traff icability 
data  were  taken,  were  prepared  for  each  site..  A descriptive  and  a classification  system 
are  developed.  Appendices  contain  large-scale  contour  maps  and  profiles  of  each  site, 
traf f icability  and  vegetational  data,  and  aerial  and  ground  photographs.  A detailed 
discussion  of  alternative  field  methods  used,  with  their  relative  advantages  and  dis- 
advantages is  presented.  The  following  conclusions  are  stated:  (a)  The  land-sea 

boundary  zone  represents  a unique  factor  family.  Setting  it  apart  are  the  constant 
changes  which  it  undergoes,  the  most  important  of  which  are  tidal  fluctuations,  and  the 
linearity  of  structural  elements..  (b)  Most  beaches  and  tidal  flats  consist  of  fine 
sand  with  a median  diameter  of  0.3  mm.  Sorting  on  the  beaches  is  excellent,  poorer  on 
the  tidal  flats,  (c)  Cone  penetrometer  readings  on  all  the  beaches  are  highly  erratic. 
Tables,  maps,  illustrations.  Six  appendices. 
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u abstract  This  report  covers  the  study  of  12  sea-land  boundary  sites  on  tne 
western  side  of  peninsular  Florida.  The  sites  were  chosen  to  be  representative 
of  low-energy,  marshy  coasts.  The  report  presents  verbal  descriptions  of  the  sites 
in  terms  of  topography,  vegetation,  soils,  and  trafficability.  Detailed  strip  maps 
portraying  these  factors,  with  a "characteristic  central  profile,"  are  given  in  an 
appendix.  However,  tne  sites  are  not  classified  by  the  system  presented  in  the 
previous  report,  nor  is  any  mention  made  of  this  system.  Photographs,  as  well  as 
detailed  data  on  soils  trafficability  and  vegetation  analyses,  are  given  .in 
appendices.  Tne  following  conclusions  are  presented:  (a)  Environment  of  the 

study  area  is  a resultant  of  the  geology  and  climate,  and  of  the  vegetation  produced 
by  geology  and  climate,  (b)  The  sites  are  made  up  of  the  following  elements: 
tidal  fiats,  topographic  highs  (barlike  features)  separating  tidal  flats  from 
marines;  carsnes  witn  tidal  cnar.nei3  and  hammocks  (topographic  higns  with  dense 
vegetative  cover),  (c)  Soils  are  predominantly  poorly  graded  sands  witn  admixture: 
of  peat  in  tne  marshes,  whicn  latter  become  critical  trafficability  obstacles. 
Limestone  outcrops  occur  in  tne  tidal  flats  and  hammocks,  (d)  Tne  sea-land  bound- 
ary tone  can  be  relatively  easily  penetrated  by  personnel  familiar  with  the  terrain, 
(e)  The  tides  on  the  investigated  area  are  mixed.  Tidal  ranges  are  aoout  1 meter, 
i but  higner  and  lower  ranges  occur.  Velocities  and  directions  of  current  in  tne 
, tidal  channels  are  erratic..  Tables,  maps,  illustrations  and  appendices.; 
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